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This final report documents the results of the General Dynamics/ 

Astronautics analytical and experimental zero-g program performed 

i n  support of the Centaur Design and Development Program. 

was initiated i n  May 1960 and completed i n  March 1962 under sales order 

number 12-1-54. 
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SUMMARY 

A theoret ical  and eqerimental  zero-gravity (zero-g) program was 

carried on from May 1960 through March 1962 a t  General Dynamics/Astronautics 

i n  support of the Centaur Design and Development Program. This program was 

a continuation of preliminary zero-g studies performed a t  General Dynamics/ 

Astronautics i n  1959, and in ear ly  1960 on a C l a B  aircraft. 

tests w e r e  instrumental i n  defining potent ia l  zero-g problem areas and 

problems connected with obtaining quality results fm experimental zero-g 

t e s t ing  In  an aircraft. 

the pmgram, and presented i n  t h i s  report, provided design c r i t e r i a  and 

design evaluation of a number of Centaur i t e m s .  

quantitative zero-g data was obtained i n  the areas of l iqu id  behavior, 

venting, heat transfer and instrumentation. 

program was the development of zero-g t e s t ing  methods which w i l l  produce 

qual i ty  resul ts ,  and the knowledge gained i n  handling of cryogenic l iquids  

i n  t h i s  special  environment. It i s  f e l t  t ha t  t h i s  l a t te r  consequence of the 

tes t  program w i l l  be very useful i n  planning future zero-g tes t  programs. 

The preliminary 

The test  resul ts  obtained from the  second phase of 

Both qual i ta t ive and 0 

An ind i rec t  r e su l t  of the test  

experimental program consisted of laboratory, a i r c r a f t  and b a l l i s t i c  

missile tests. The resu l t  of an agreement w i t h  the  Aeronautical Systems 

Division a t  Dayton, Ohio permitted use of both a C 1 a B  and IC135 a i r c r a f t  

as a tes t  f a c i l i t y .  

f o r  t k - a  of Aerobee missiles f o r  several  tests with General Dynamics/ 

Astronautics hardware. 

An agreement with the NASA kwis Iaboratories provided 
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The most s ignif icant  achievements or tne zero-g program with 

specif ic  applictrtiou t o  Centaur a r e  summarized a s  follows: 

The parameters governing the liquid-@as configuration i n  the 

Centaur tanks a re  now well known. The equilibrium shape of 

the ullage bubble i s  governed by the contact angle, surface 

tension e f fec ts ,  tank geanetry and liquid-vapor volume ra t ios .  

Experimental results and a theoret ical  analysis has shown tha t  

the l iquid hydrogen in general w i l l  w e t  the w a l l  with the vapor 

bubble i n  the center. 

principles was obtained which describes the e f f ec t  of s i z e  and 

l iquid properties on the t ransient  o r  osc i l la tory  behavior of  

the l iquids  i n  zero-g. 

The behavior of the General Dynamics/Electronics hot wire 

liquid-vapor sensor has been established. 

reduction f x m  vehicles F-1, F-2, and F-3 should yield useful 

infoxmation. 

For a maximum expected heating r a t e  on the Centaur cyl indrical  

tank walls of a 25 Btu/hr-ft2, boil ing w i l l  most l i ke ly  occur 

while the vehicle is i n  the parking o rb i t  and t ransfer  e l l ipse .  

The bubbles formed a t  the heated surface w i l l  coalesce and the 

surface tension forces w i l l  be suf f ic ien t  t o  rewet the surface 

behind the bubble f o r  an  undetermined period of zero-g time. 

No additional complications t o  the s e t t l i n g  problem (pr ior  t o  

an engine re-start) need be feared from the eventuali ty of 

l iquid hydrogen impinging against  warm unwetted surfaces. 

There w i l l  be no appreciable rejection of the l iquid.  

A partial understanding of the scaling 

As a result data 

vi i 



( 5 )  Centaur orientation maneuvers will cause considerable l iquid 

rotation, but w i l l  not cause the l iquid t o  be dispersed through- 

out the tank. 

the Centaur tank with a center vent tube more a t t rac t ive .  

The center vent has excellent potent ia l  as a venting device f o r  

Centaur. 

a s m a l l  portion of a tube inserted in to  the ullage region of 

l iquid and gaseous hydrogen i n  a zero-g environment would be 

wetted. 

not cause l iquids  t o  be vented f o r  expected Centaur vent rates 

and liquid-volume ra t ios  during the parking o rb i t  and trrrnsfer 

e l l ipse .  

The results of outflow t e s t s  s imuhting Centaur propellant 

se t t l ing ,  chilldown and main engine s t a r t  sequences showed that: 

( a )  

These t e s t  resul ts  make the f e a s i b i l i t y  of venting 

(6) 
Analytical and experimental studies ver i f ied that only 

Liquid disturbances caused by the venting process w i l l  

(7) 

The f i r s t  pre-s tar t  sequence can be performed without f i r i n g  

the s e t t l i n g  rockets. 

The second pre-s tar t  sequence can be accomplished by f i r i n g  

only two of the four s e t t l i n g  rockets. 

The thin3 pn?-start sequence can be accamplished by f i r i n g  

two rockets to  se t t l e  the propellants and four rockets a t  

the  start of chilldown flow. 

(b) 

(c)  

(8) The ullage control surf'ace, designed f o r  Centaur, will not serve 

the purpose f o r  which it was intended. A quarter section of a 

right truncated cone was fabricated and placed i n  f ront  of the 

v i i i  



f u e l  tank boost pump out le t  t o  contain a greater  quantity of 

l iquid i n  this region p r io r  t o  m a i n  engine s t a r t ,  and thus 

eliminate the need f o r  f i r i n g  the  s e t t l i n g  rockets. R e s u l t s  

of the outflow t e s t s  showed that the surface was ineffect ive 

because the inertial  forces which produce gas flow are 

considerably greater  than surface tension forces res i s t ing  gas 

pull -  through. 

As  pointed out previously, the eqer ience  gained i n  zem-g tes t ing  

techniques and i n  handling of a cryogenic l iqu id  is  par t icu lar ly  important 

f o r  planning future  zero-g t e s t  programs. Results of approximately 35 

f l i g h t s  on the KC135 a i r c r a f t  i n  the summer of 1960 clear ly  demonstrated 

the d i f f i c u l t i e s  i n  developing a 'yree f1oating"technique f o r  the test 

capsules. Useable zero-g times of fm 9-15 seconds every 1 out of 3 

manuevers was.f inal ly  obtained. The KC135 was theoret ical ly  capable of 

30 seconds. 

peatable because of the d i f f i c u l t i e s  experienced in  releasing the tes t  

capsule in to  a zero-g environment. 

tes t  l iqu id  was produced due t o  s m a l l  deviations of the aircraft fmm the 

desired trajectory.  

k i t  system which had t o  be fabricated t o  meet A i r  Force safety requirements 

w h i l e  t es t ing  with l iquid hydrogen, delayed the test  program, and i n  sane 

instances, seriously limited the quali ty of test r e su l t s  which could be 

obtained. In contrast the drop tests, although llmited t o  one o r  two 

seconds of zero-g time, yielded i n  most instances very usef'ul msults. 

The use of small models is a disadvantage 

Furthermore, the tes t  results i n  most instances were not re- 

Often considerable ag i ta t ion  of the 

These problems, combined with the elaborate sa fe ty  

i n  some instances, but as 
0 
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increased knowledge of the l a w s  governing the t ransient  behavior of 

l iqu ids  in a zero-g environment is  gained, t h i s  disadvantage should be 

eliminated. 

a i r c r a f t  t e s t s .  

It i s  f e l t  that i n  most cases drop t e s t s  a r e  preferxable t o  

The t e s t  schedule had t o  be revised several  times during the program 

due t o  problems not anticipated when the prograsl was i n i t i a t e d  i n  May 1960. 

"he primary delay in the program occurred from September 1960 through 

February 1961, and was caused by d i f f i c u l t i e s  experienced i n  fabricat ing 

and in s t a l l i ng  the  safety k i t  system i n  the a i r c r a f t .  

l iqu id  hydrogen flights were in i t i a t ed  on the KC135 a i r c r a f t  and were 

completed by the first of August. 

during this period of which 18 were l iquid hydrogen flights. 

10 f l i g h t s  w e r e  system checkout and crew training flights with l iqu id  

nitrogen a s  the t e s t  f lu id .  

was not i f ied that the a i r c r a f t  would be grounded u n t i l  Wovember due t o  

mechanical d i f f i cu l t i e s ,  and the C 1 D  was offered as a replacement f o r  

completion of the program. However, due t o  the construction of a two 

second drop f a c i l i t y  and increased knowledge of the scaling l a w s ,  

-em1 Dynamics/Astmnautics decided that the remainder of the  t e s t s  

could be accomplished i n  the laboratory drop f a c i l i t i e s .  

In March 1961, the 

A t o t a l  of 28 flights were performed 

The remining 

In A u g u s t  1961, General Dynamics/Astronautics 

The knowledge gained a s  a r e su l t  of th i s  program did furnish much 

needed design c r i t e r i a  and haxdware ebaluation f o r  Centaur. 

areas of investigation, suff ic ient  quant i ta t ive data were obtained t o  

recommend changes which would optimize vehicle performance and/or design. 

In other areas, the available t e s t  f a c i l i t i e s  limited the test results t o  

short  time zero-g effects .  

here cannot be completely verified u n t i l  the f i rs t  Centaur f l i g h t .  

In sane 

In  the final analysis,  the results presented 
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INTRODUCTION 

During the coast periods between f i r i ngs ,  the Centaur vehicle w i l l  

be i n  an approximate zero-g condition f o r  periods of several  hours. 

vehicle tanks w i l l  be p a r t i a l l y  f i l l e d  with l iqu id  oxygen and l iqu id  

hydrogen. 

a considerable degree by t h i s  zero-gphenomenon. 

was in i t i a t ed ,  a very l imited amount of infomation was availahle for 

prediction of the liquid-gas configuration i n  the Centaur tanks a t  the 

beginning, during, and following periods of zero-g. The l iquid condition 

a f f e c t s  heat t ransfer ,  and subsequently, boil-off rates, as w e l l  as 

the operating character is t ics  of the pumps following a zero-g flight. 

To optimize vehicle design, the designer must be able t o  accurately 

predict  the s t a t i c s  and dynamics of l iquid-Gs interfaces  under low 

and zero-g conditions. Therefore, i n  May of 1960 an experimental 

and theoret ical  zero-g program was in i t ia ted  i n  support of the  Centaur 

Design and Development Program. This program was an extension of a pre- 

liminary test  program carried on i n  1959 and ear ly  1960 t o  investigate the 

problems of heat t ransfer  and venting of cryogenic l iquids  during a zero-g 

condition. 

The 

The design and r e l i a b i l i t y  of the  vehicle will be affected t o  

When the Centaur program 

0 

These ear ly  tests were performed on an A i r  Force C13l.E a i r c r a f t .  

Prior t o  understanding the effects  of zero-g on a Centaur vehicle, a 

def in i t ion  of zero-g is  necessary. 

defined as the condition experienced i n  o r b i t a l  motion by re la t ive ly  l o w  

mass bodies such as a r t i f i c a l  s a t e l l i t e s .  

condition producing weightlessness. The weightless s t a t e  ex is t s  throughout 

the en t i r e  sol id ,  l iquid o r  gas. 

In a generalized way, zero-g may be 

Zero-g is a balanced force 

A l l  o ther  mass properties are unchanged. 0 
1 



No problems are encountered with sol id  Objects i n  the zero-g state. 

Gases may present a heat transfer problem due t o  absence of conventional 

free convection i n  a zero-g environment. However, l iquids  presenz tne 

major share of zero-g problems because of  t h e i r  dis t r ibut ion.  Liquids 

i n  zero-g w i l l  occupy spaces previously occupied by gases because they are 

no longer confined t o  one end of a container due t o  gravi ta t ional  forces. 

The zero-g studies w e r e  primarily aimed a t  investigating problems 

associated with the Centaur liquid hydrogen tank. 

s t ruc tu ra l  design, the  hydrogen tank presented the major share of zero-g 

problems in the areas of investigation undertaken during t h i s  program. A 

sketch of the  Centaur i s  shown i n  Figure 1 t o  familiarize the unini t ia ted 

reader with the Centaur venicle. 

Because of the  Centaur 

Tests w e r e  performed i n  four basic areas. Liquid behavior studies 

w e r e  performed t o  determine the behavior of cryogenic l iquids  in tne 

Centaur tanks a t  the b e w i n g  of, during, and following periods of 

zero-g. Heat t ransfer  studies were conducted t o  obtain both quant i ta t ive 

and qual i ta t ive data of the heat transfer phenomena i n  a zero-g environ- 

ment. 

venting of the vapor during the  zero-g boil-off condition would occur 

witnout a coincidental loss of the l iqu id  portion of the cryogenic pro- 

pel lant .  Instrumentation t e s t s  were conducted t o  check the performance 

of currently available liquid-vapor sensors a t  zero-g and a t  l iqu id  

hydrogen temperatures. 

the  t e s t  f l u id  i n  order t o  simulate as closely as possible Centaur 

conditions. 

An evaluation of two vent devices was performed t o  determine if 

Whenever possiDle l iqu id  hydrogen was used as 

Analytical studies w e r e  a l so  performed t o  provide where 

2 



possible a theoret ical  basis for observed experimental results. 

This f i n a l  report presents i n  de t a i l ,  w i t h  one exception, the 

resu l t s  of the General Dynarnics/Astronautics zero-g investigations per- 

formed i n  support of the Centaur Design and Development Program and covers 

the  period frwn May 1960 through March 1962. 

A e r o b e e  test results which have not been completely analyzed a t  t h i s  time, 

and therefore w i l l  be reported i n  a separate document a t  a later date. 

However, where applicable, t h e  Aerobee test results known t o  date are men- 

tioned i n  t h i s  report. 

The one exception is  the 

The final report consists of the following three  

parts : 

(1) Thirteen separate reports covering i n  d e t a i l  a l l  phases of the  

test program. 

A section containing a comprehensive review of the  program 

with emphasis on the resul ts  and applications t o  Centaur. 

A composite motion picture f i l m  of the tests which w e r e  per- 

f omed. 

(2) 

(3)  

The section containing the cmprehensive review of the program i s  an 

attempt t o  present t o  the reader, who may not have suff ic ient  time o r  the 

need t o  review the program i n  de ta i l ,  the major aspects of the General 

Dynamics/Astmnautics zero-g investigations with emphasis on the resu l t s  

and applications to the Centaur vehicle. 

contains a Bibliography of a l l  General Dynamics/Astronautics zero-g reports 

published as part of t h i s  program. The first 13 reports l isted specif ical ly  

f o m  a pa r t  of t h i s  f inal  document and are referenced throughout the section 

containing the comprehensive review of the program. 

This  section of the  report also 

3 
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I. MEXHOIS OF INVESTIGATION 

Both ana ly t ica l  and experimental s tudies  w e r e  performed t o  investigate 

the poten t ia l  engineering design problems associated with the behavior of 

l iqu ids  i n  a zero o r  near zero-g environment. Ehphasis was placed on the 

behavior of cryogenic l iquids and those l iquids  which could be used t o  

simulate the behavior of l iqu id  hydrogen i n  m o d e l  tests. 

approach was t o  develop mathematical equations which describe the equilibrium 

spatial configuration of the f l u i d  in  a zero-g environment and t o  investigate 

the e f f ec t  of s i z e  and l iqu id  pmperties on the t rans ien t  and osc i l la tory  

behavior of t h e  l iquid i n  a low and zero-g condition. 

treatment provided a basis f o r  the interpretat ion of the experimental model 

tes t  results. 

- 
The analytical 

The ana ly t ica l  

The experimental t e s t  methods included the l i n e a r  drop test tower, air- 

Zero-g times of 1 second t o  5 

0 

craft tests and b a l l i s t i c  missile tests. 

minutes were obtained wi th  these t e s t  f a c i l i t i e s .  

A. Analytical Approach 

The Astronautics analyt ical  tmatment of a l iqu id  i n  a zero-g f i e l d  

i s  covered i n  detai l  i n  References 1 5  through 22. 

cation t o  Centaur, the  spa t ia l  configuration of the l iqu id  hydrogen i n  

the Centaur f u e l  tank during a coast period may be approached by considering 

the principle of minimum surface energy, which states that the t o t a l  of 

surface energy, f o r  a stable configuration of the l iquid,  i s  a minimum. 

Assuming the absence of unbalanced forces, (mechanical o r  thermal), and 

denoting the contact angle between the l iqu id  and so l id  by 8,  the  surface 

With par t icu lar  appli-  

5 



energy per un i t  area of vapor to  solid (tank wall) by 

the l iqu id  t o  so l id  b y y B ,  ana tha t  of l iquid t o  vapor by ' f ~ v ,  it i s  

-,IS, that of 

known t h a t  the following relat ion holds: 

(This re la t ion i s  v a l i d  f o r  a l l  l iquids,  wall wetting o r  non-wetting). 

For l iquid hydrogen the contact angle is  zero and therefore the following 

re la t ion  holds: 

As a result of the pr incipal  of minimum surface energy, i f  there  i s  

su f f i c i en t  l iquid t o  wet the w a l l ,  y m  w i l l  be replaced by vu, thereby 

minimizing the surface energy a t  the wall by detaching the  vapor from 

the w a l l .  

energy t o  be minimized, i s  the.surface energy between l iquid hydrogen and 

After t h i s  has been accomplished the only remaining surface 

i t s  vapor. The most effect ive way t o  do t h i s  i s  t o  have a single 

vapor bubble in the  tank with  the smallest possible surface area, i.e., a 

sphere. I n  Reference 17, D r .  'Ih Li of General Dynamics/Astronautics 

mathematically derived t h e  equation of a sphere as the most stable 

configuration f o r  hydrogen vapor i n  a zero-g environment. 

When the volume of l iqu id  bydrogen has dropped t o  a point where 

the  sper ical  volume of the gas ullage space i s  l a rge r  than the smallest 

dimension of the tank, a sphere is  no longer possible. As the ullage 

volume increases beyond the maximum spherical  volume possible, the l iqu id  

w i l l  f i r s t  wet the wall, then f i l l  t h e  cavi t ies  and form a cent ra l  ullage 

wherein the bulk l iquid i s  distributed i n  such a manner that t h e  surfaces 

backed by bulk l iquid a re  of uniform curvatul.e. Other surfaces w i l l  be 



film-wetted tank walls. The escaping tendency fm the wetted tank 

walls w i l l  be adjusted by evaporation (thus reducing the thickness) 

t o  equal the escaping tendency from the curved surfaces. 

escaping tendency of the surfaces exposed to the vapor volume w i l l  be 

unifoxm, and the  pressure i n  t h e  vapor w i l l  be uniform. If more than 

one configuration is  possible, the one o r  ones w i t h  the smallest amount 

of l iqu id  vapor surface area will p r e v a i l .  The bulk l iqu id  surface 

w i l l  became tangent t o  the film wet surface i n  a t rans i t ion  region. 

The curvature of a bulk l iqu id  surface w i l l  be greater  than, o r  equal 

to,  t he  curvature of any eqosed  film w e t  surface (otherwise the l iqu id  

w i l l  col lect  on the film w e t  surface). 

Thus the  

The discussion has so far dealt  w i t h  the  final equilibrium f l u i d  

configuration. 

equilibrium may be at ta ined slowly o r  rapidly. 

a t  engine cut-off i s  put i n to  zero-g with no mechanical d i s t u r ~ c e s ,  

the liquid-gas interface w i l l  i n i t i a l l y  foxm an inverted hemisphere. 

The remaining tank walls w i l l  be covered w i t h  only a molecular layer  of 

l iqu id  hydrogen. 

cyl indrical  tank walls and f o m  another hemispherical cap a t  the forward 

bulkhead. 

i f  no mechanical disturbances were present a t  engine cut off and the 

f inal  equilibrium hydrogen configuration a t  zero-g f o r  Centaur. 

Depending upon mechanical and thennal disturbances, 0 
For instance, if  Centaur 

Eventually the l iquid hydrogen w i l l  flow up the 

Figure 2 shows the i n i t i a l  hydrogen Configuration a t  zero-g 

T b  i n v e s t i s t e  f lu id  behavior i n  t ransient ,  i .e.,  f l u i d  motion 

caused by a non-equilibrium condition o r  due t o  external disturbances, 

the hydro mechanical forces of significance must be established. The a 
7 



usual method of exploring the relat ive importance of these forces i n  

detemining the resul t ing f luid motion is  t o  express ra t ios  of two or 

more forces as non-dimensional parameters. The parameters of importance 

f o r  investigating Centaur propellant behavior while  i n  a low o r  zero-g 

environment w e r e  as follows : 

(1) I n e r t i a l  force ,p$L (Weber Number, We) 
Cohesive forze 

(2) Gravitational force =r& (Bond N u m b e r ,  Bo) 

(3)  I n e r t i a l  force - - -  V2 (Froude Number ,  Fn) 

(4) Inertial force = p VL (Reynolds Numb=, &=) 

Cohesive force 

Gravitational force gL 

Viscous force A? 

A l l  these parameters involve the system geometry such as 

character is t ics  dimension L, f l o w  veloci ty  V, and accelexation g. 

There i s  a l so  a dependence on f lu id  properties; d e n s i t y , P  , 
v i s c o s i t y , 4  , and surface tension, 6 I;G. 

It was thought that f lu id  motion during zero-g was primarily 

dependent on the  Weber number. However, recently the results of 

zero-g l iqu id  behavior tests Reference 36, conducted a t  NASA kwis 

Research Center, have indicated that the process of l iqu id  flow 

towan3 an equilibrium condition may be too complex t o  be described 

by t h i s  parameter. During the NASA kwis t e s t s ,  l iqu id  was 

contained in various s i ze  g l a s s  spheres and i t s  advancement along 

t h e  spheres versus zero-g time determined. The data given i n  Figure 34 

of the reference was replotted i n  Figure 3 of th i s  report  using 

d i f fe ren t  coordinates. The predicted slope of the family of curves is  

8 



1.5; the actual  slopes varied between 1.22 and 1.42. 

the slopes indicates that  a different  s imi l i a r i t y  function could 

possibly exist. 

l iquid-solid,  and gas-solid surface energies. I n  general, only the 

liquid-gas surface energy is  known. 

driving force, i.e. the force which determines the rate of advancement, 

was a function of the liquid-gas surface energy or surface tension. It 

may be that  other surface energy terms influence the ra te  of l iqu id  flow, 

and therefore, the Weber number based on the liquid-@s surface tension 

would not be the appropriate parameter. 

scal ing knowledge can be assessed, considerable care should be used i n  

extrapolating zero-g model t e s t  resul ts  t o  Centaur. However, time 

scal ing derived fmm the Weber number f o r  par t icu lar  tests could 

possibly be jus t i f ied .  For example, it is  f e l t  that t h i s  parameter may 

be correct f o r  scaling the results of the zero-g outflow tests. There may 

be a very important difference between predicting l iqu id  flow as it 

approaches a minimum energy dis t r ibut ion and predicting the time f o r  

gas p u l l  through t o  occur under outflow conditions. 

fu r the r  i n  Section 111-B of t h i s  report. 

This variance i n  

The surface energy of the  system is  based on liquid-gas, 

It has been assumed tbt the 

Unti l  this apparent lack of 

This i s  discussed 

In  Reference 1 experimental data i s  presented t o  corroborate the  

Weber number f o r  a simple system; i.e., globules of one l iqu id  

osc i l l a t ing  i n  a large amount of another. 

may be very d i f fe ren t  than the case where the l iquid-solid and gas-solid 

energies could possibly be an important factor.  

with water globules i n  a mixture of Freon !t!F' and Stoddad  solvent, and 

It should be noted that th i s  

Liquid-liquid models 
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kerosene globules in a mixture of water and methyl alcohol were used. 

The periods of osc i l la t ion  of the bubble versus the globule diameters 

w e r e  plotted and the slopes measured. 

f 24 of the value 1.50, predicted by the Weber number. 

tests results w e r e  confined t o  a simple system, they did lend support 

t o  the orientation tests where the  f l u i d  behavior observed during these 

experiments appeared to  be similar t o  the f l u i d  response during the 

or ientat ion maneuvers. 

The measured slopes w e r e  within 

Although these 

B. Experimental Approach 

A t  the time the  program was in i t i a t ed ,  the three experimental methods 

proposed f o r  investigating the effects  of zero-g were the l i nea r  drop 

tower, the a i r c r a f t  and b a l l i s t i c  missile. 

would extend the  zero-g times available f o r  tes t ing.  

w e r e  used and i n  addition, a fou r th  method, using l iquid- l iquid models, 

was developed during t h e  program. 

Each technique, i n  order, 

A l l  these approaches 

1. Laboratory Tests 

a. Linear Drop Test 

The f i rs t  method used t o  obtain zero-g a t  General Dynamics/ 

Astronautics was the l inea r  d m p  test  tower. 

was 16 f e e t  i n  height and allowed approximately 1 second of 

zero-g. Later i n  the program a 2-second f a c i l i t y  was b u i l t  (64 

feet). The primary advantages of t h i s  method were that 

meaningful data could be obtained inexpensively and tests 

The ear ly  tower 

results were readi ly  repeatable because of the ease i n  

controll ing the i n i t i a l  tes t  conditions. 

10 



Il4weua;pxactical considerations limited the  free f a l l  duration 

t o  1 o r  2 seconds since the height of free f a l l  varies as the  

square of the drop time. Zero-g equilibrium conditions could 

not be at ta ined i n  the short period of time unless very small 

models were used. 

the d i f f i cu l ty  i n  streamlining the test  capsules such tbat the 

influence of a i r  drag would be negligible.  

A fur ther  disadvantage of the drop tower was 

b. Liquid-Liquid Models 

During the zero-g test program, a method was devised t o  s-te 

the  equilibrium zero-g configuration of the l iqu id  and gaseous 

hydrogen in the Centaur tanks. This simulation was produced by 

two m i s c i b l e  l iquids ,  of the  same density, i n  a transparent 

model container shaped l i k e  the fu l l  scale Centaur f u e l  tank. 

l iquids  w e r e  basical ly  o i l  and water and were ad3usted t o  have 

the  same density by small additions of a heavy o r  l i g h t  canponent 

t o  the o i l  o r  water a s  required. 

The 

As i n  the Centaur fue l  tank, the two fluids i n  the model had 

an interface whose surface tension was the same throughout. 

had the same e f fec t  on t h e  two f lu ids  and, therefore, had no 

e f fec t  on t h e i r  re la t ive  configuration o r  posit ion.  One of the 

f lu ids  w e t  the  container s t ructure  so readily that the angle of 

contact of the interface with the w a l l  was essent ia l ly  zero. 

"he other l iquid did not wet the container walls. The great 

Gravity 
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advantage of these models was t ha t  the equilibrium configura- 

t ion  could be eas i ly  demonstrated f o r  the basic  tank configura- 

t ion  and f o r  complex configurations of the  Centaur l iqu id  hydrogen 

and l iqu id  oxygen tanks. 

primarily limited t o  s t a t i c  zero-g demonstrations and only i n  

special  cases could they be used f o r  dynamic applications. 

Figure 4 i s  a photograph of a l iquid-liquid model. A more 

detai led description of these models is  contained i n  Reference 2. 

The use of the models, however, was 

2. Aircraf t  W s t s  

Preliminary t e s t ing  i n  t h e  lat ter pa r t  of 1959 and ear ly  1960 

on an A i r  Force C13B aircraft had demonstrated the  f e a s i b i l i t y  of 

using an a i r c r a f t  as a zero-g tes t  f a c i l i t y .  

theoret ical ly  capable of 15 seconds of zero-g time. 

a KC135 a i r c r a f t  was made available t o  General Dynamics/Astronautics 

by the A i r  Force f o r  zero-g testing. 

capable of 30 seconds of weightlessness. The sequences required t o  

obtain the zero-g condition on the KC135 w e r e  as follows: 

The C 1 3 B  was 

In June of 1960, 

This a i r c r a f t  was theore t ica l ly  

(a) The KC135 was placed i n  a shallow dive of approximately 5" a t  

24,000 f t .  

(b) A t  a pre-determined velocity, o r  Mach number (approximately 0.9) 

the aircraft was gradually pitched up t o  an angle of climb of 

about 50". 

( c )  The angle of climb was then gradually decreased so that the 

aircraft followed a parabolic path u n t i l  the i n i t i a l  Mach number 

was again attained. 



The advantage of the a i r c ra f t  experiments was the longer 

zero-g time obtainable for the tests. 

inaccuracies i n  the f l ight t ra jectory due t o  p i l o t  errors and wind 

gusts a t  a l t i t ude  represented major disadvantages. 

The greater  expense and 

3. Aerobee Missile !Pests 

The t e s t  dewar of the  Aerobee was a 9-inch diameter sphere 

with a .010-inch thick s ta inless  steel w a l l .  This was central ly  

supported i n  a l l - inch diameter outer  sphere with a .030-inch 

thick stainless steel w a l l .  The space between spheres was 

evacuated t o  .10 microns. An e l e c t r i c  heater was mounted i n  the 

vacuum space on a 10-inch diameter copper sphere with a wall 

thickness of .O3O inches. A tempexature regulator modulated 

the heater current t o  maintain the heat shell a t  a predetermined 

temperature. 

the Aerobee missile. 

tests, l iquid hydrogen was used as the tes t  f l u i d .  

This assembly was mounted in the forward section of 

For a l l  the General Dynamics/Astronautics 
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11. FLIGHT mST DEVELOPMENT 

A great deal  of e f f o r t  was expended ear ly  i n  the t e s t  program t o  develop 

apparatus and techniques t o  allow safe and useful zero-g tes t ing  with l iqu id  

hydrogen. 

Reference 3. Developmental e f fo r t s  were concentrated i n  two areas: 

development of a "free floating" technique f o r  the test  capsules, and the 

fabricat ion of a safety k i t  system t o  provide an i n e r t  atmosphere f o r  test- 

ing with l iquid hydrogen. 

The de ta i l s  of the f l i g h t  test  development are described i n  

A. Development of "Free Floating" Technique 

To obtain re l iab le  and useable data f r o m  these t e s t s ,  it was con- 

sidered essent ia l  that the test package, located i n  the aft  cmpartment 

of the a i r c r a f t ,  be i n  a zero-g environment f o r  as long a period of 

time as possible. Then=fore, early i n  the program considerable tes t ing  

was performed t o  develop a technique t o  "free f loa t"  the t e s t  capsules. 

The preliminary zero-g t e s t s  which w e r e  performed i n  1959 and the ear ly  

part of 1960 on the C 1 3 B  had demonstrated the importance of developing 

a method of f loat ing the t e s t  capsules where they would not be exposed 

t o  any accelerations. The first tes t  packages on the C l g B  were bolted 

t o  the a i r c r a f t .  

a i r c r a f t ,  small residual "g" forces w e r e  always present which considerably 

affected the t e s t  resu l t s .  I n i t i a l  e f for t s  t o  develop a "free floating" 

technique on the C l 3 l B  consisted of an instrumented experiment suspended 

by strong cords within a cagelike s t ructure .  

However, i n  sp i te  of the sk i l led  p i lo t ing  of the  

Testing showed t h a t  t h i s  



arrangement was capable of giving be t t e r  zero-g conditions than possible 

with the bolted-to-the airplane configuration. However, the e l a s t i c i t y  

in the suspension CONIS stored considerable energy during the 2-1/2 g 

pullup and t h i s  energy was released to the package during the onset of 

zero-g. 

In  June of 1960, when the flights were i n i t i a t e d  on the A i r  Force 

KC135 a i r c r a f t  by Aeronautical Systems Division and General Dynamics/ 

Astronautics personnel, an attempt was made t o  fur ther  develop the  

"free floating'' technique. 

investigate the best  methods f o r  obtaining longer useable zero-g periods. 

An ent i re ly  f ree  capsule was used. 

f ly ing  the a i r c r a f t  around the test package. 

the maneuver, sensi t ive accelerometer gages were mounted on tk instxument 

panels i n  f ront  of the p i l o t  and co-pilot t o  indicate both longitudinal 

and ve r t i ca l  accelerations. A Kin -1 closed c i r c u i t  te levis ion system 

was ins ta l led  t o  a id  the p i lo t  i n  seeing the location of the t e s t  equip- 

ment with respect t o  the a i r c ra f t  surfaces i n  the af t  compartment. 

5-inch monitor was mounted on the instrument panel i n  f ront  of t he  p i lo t .  

The p i l o t  then made corrections by using the TV to determine direct ion of 

correction and by cross referencing the accelerometer gages to determine 

magnitude of correction needed. 

given by an observer i n  the a f t  compartment. 

depended upon the a b i l i t y  of the "talker" t o  accurately describe instan- 

taneously the capsule position and velocity.  

Approximately 35 flights were performed to  

Essent ia l ly  the technique involved 

lb a id  t h e  p i l o t  i n  f ly ing  

A 

A t h i rd  p i l o t  a id  was verbal camnands 

The success of t h i s  a i d  

With t h i s  technique, useable 
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zero-g times of between 9 and 15 seconds w e r e  obtained one out of 

every three t ra jec tor ies .  

was not the only fac tor  which prevented an extension of zero-g 

times w i t h  thel'free floating" technique. 

influenced the success of a l l  phases of the tes t  program was a i r  

turbulence encountered between 24,000 and 35,000 feet. 

turbulence a t  this a l t i t ude  is  a f'unction of both wind velocity and 

wind shear. 

cause aircraft perturbations, par t icular ly  a t  wind veloc i t ies  above 

40 knots. Although f o r  most tes t ing  purposes these wind veloc i t ies  

are considered negligible, they were of a suf f ic ien t  magnitude 

during zero-g tes t ing  t o  l i m i t  the useable zero-g time obtainable 

on the aircraft. 

It should be pointed out that p i l o t  skill 

An additional f ac to r  which 

The a i r  

W i n d  difference velocit ies of 20 t o  25 knots began t o  

0 

As part of the  development of the  "free floating" technique, 

m e t h o d s  of releasing the tes t  capsule i n t o  a zero-g environment were 

a l so  investigated. The float-off-the f l o o r  method was attempted f irst .  

H e r e  the  capsule l i f ted  off  a t  the f i r s t  negative acceleration and then 

the p i l o t ,  i n  theory, simply flew the a i r c r a f t  around the test capsule. 

Tb do th i s ,  the p i l o t  was required to  approach zero-g almost perfectly,  

with l i t t l e  overshoot, o r  the capsule would f a l l  quickly against  the 

cei l ing.  For this reason, the method never produced sa t i s fac tory  

resu l t s .  

m e m b e r  i n  the center of the cabin u n t i l  the p i l o t  had overcome the 

i n i t i a l ,  major overshoots i n  acceleration. 

released a t  the p i l o t s  ccnmnand. 

The next method tr ied was t o  have the package held by a crew 

The capsule was then 

This technique was moderately successful. 



The third and best method used a table  which could be collapsed by the  

p u l l  of a lanyanl and which was of a height t o  put the package a t  the 

cabin center. 

these techniques suffered a common problem. A s  the n o m 1  acceleration 

approached zero the vibration and small variations from the desired 

path had an increasing e f fec t  on t he  l iqu id  i n  the capsule, and often 

considerable ag i ta t ion  of the t e s t  l i qu id  was produced. 

The table was collapsed a t  the pi lot ' s  command. All 

B. Aircraf t  Test Safety System 

For safety reasons, a system was fabricated and ins ta l led  on the  

KC135 aircraft t o  provide an iner t  nitrogen atmosphere f o r  t e s t ing  

with l iqu id  hydmgen. 

tes t  system was a test c e l l  fabricated from nylon woven cloth impregnated 

with neoprene rubber with an inflated volume of approximately 1300 cubic 

feet. During t es t ing  with l iquid hydrogen, the tes t  ce l l ,  located i n  

the aft compartment of the aircrafljwas pressurized with nitrogen gas t o  

provide an i n e r t  environment. 

steel  f loo r  and walls painted with conductive s i l v e r  paint)  provided an 

environment with small chance of any s t a t i c  discharges. Pressurization 

was provided by a nitrogen converter system consisting of the l iqu id  

nitrogen storage dewar pack, boi ler  and superheater. 

evaporated the  l iqu id  nitrogen fed i n  from the storage pack, and the 

superheater warned the cold gas p r i o r  t o  introduction in to  the t e s t  bag. 

The t e s t  c e l l  pressure was maintained a t  approximately 1-inch $0 above 

cabin pressure a t  a l l  times. 

The central  feature of the l iqu id  hydrogen flight 

The construction of the bag (s ta in less  

The bo i l e r  

Pressure relief was acoamplished by a 
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relief valve venting d i r ec t ly  overboad. 

pressure i n  the bag, due t o  mistakes i n  system operation, sudden changes 

i n  cabin pressure o r  breakage o f a  t e s t  dewar, a rupture diaphraw and 

appendage bag w e r e  Connected t o  the a f t  section of the t e s t  ce l l .  The 

appendage bag had an inf la ted  volume of 2000 cubic feet and the system 

diaphragm was set a t  1.75-inches e o .  

In case of too high 

The l iquid hydrogen was stored i n  a sealed dewar. The hydrogen 

boil-off f r o m  the storage dewar and tes t  capsule was vented overboad 

a t  a l l  times. 

Gas analyzers were used tomonitor the  amount of oxygen and 

hydrogen content when t h e  t e s t  c e l l  was being used f o r  l iquid hydrogen 

testing. According t o  Reference 37 , hydrogen i s  combustible i n  a i r  

over the range of about 4s t o  745. Even a mixture of 8s nitrogen, 

6$ hydrogen and 55 oxygen was considered theore t ica l ly  combustible. 

Umiting the  hydrogen concentration t o  4% (gas plus the poten t ia l  gas 

i n  the capsule dewar) i n  the bag would have held the  i n i t i a l  l iqu id  

hydrogen f i l l  t o  2.2 l i ters .  

simple tests e r e  performed t o  f ind the p rac t i ca l  gaseous hydrogen 

l i m i t .  During one test, exhaled breath was blown i n t o  a container 

with known mixtures of hydrogen and nitrogen. 

(simulating a bag leak) ignited hydrogen and nitrogen mixtures i n  

air. 

concentration was acceptable. 

l i t e r s  of l iqu id  hydrogen (a flill dewar). 

bag was set a t  2% which was well below the recommendation of Reference 38. 

Because this l i m i t  was so low, some 

A second t e s t  

The resu l t s  of these tests showed that a lo$ hydrogen gas 

This was equivalent t o  about 4.6 

The oxygen l i m i t  i n  the 
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Since most tests did not use a fu l l  dewar, a chart  was prepared 

t o  show the  maximum safe  quantity of l iqu id  hydrogen which could be 

allowed a t  any value of gaseous hydrogen concentration i n  the bag. In  

the event that the gaseous hydrogen concentration was too high,the bag 

was p a r t i a l l y  collapsed and then re f i l l ed  w i t h  gaseous nitrogen. 

Operation of the tes t  c e l l  and associated equipment was thoroughly 

tes ted on the ground and i n  flight using l iquid nitrogen p r i o r  t o  

t e s t ing  with l iqu id  hydrogen. Six complete simulated missions were 

completed i n  an airplane mock up a t  General Dynamics/Astronautics 

using l iquid hydrogen before the system was accepted and ins ta l led  on 

the a i r c r a f t .  

t h e  aircraft, several  flights were completed with l iqu id  nitrogen 

p r i o r  to s t a r t i n g  the t e s t ing  w i t h  l iqu id  hydrogen. 

t o  each new l iquid hydrogen t e s t  series,  f l i g h t s  w e r e  performed t o  demon- 

strate sat isfactory system operation. 

After in s t a l l a t ion  of t he  safety k i t  system on board 

In addition, p r io r  
0 

"he d i f f i c u l t i e s  encountered i n  fabr icat ing a system f o r  making 

safe zero-g t e s t s  i n  an airplane w i t h  l iqu id  hydrogen as the working 

f l u i d  delayed the test program approximately s i x  months. 

recognized that the completed system could not be made foo l  proof. 

For example, it was conceivable, though unlikely, that the bag m i g h t  

rupture, t he  l iquid hydrogen sp i l l ,  and an igni t ion source occur 

simultaneously. 

hazards of the t e s t s .  However, every violat ion which could be 

anticipated was examined i n  detai l .  

ment and personnel were taken into consideration i n  the design and 

It was 

This concentration was simply accepted as one of the 

Possible f a i lu re s  of the equip- 

0 
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t e s t ing  of the system, i n  the preparation and development of the 

tes t  procedures, and i n  the selection and t ra ining of the test 

personnel. 
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111. LIQUID BEHAVIOR TESTS 

P r io r  t o  the i n i t i a t i o n  of the zero-g program, l i t t l e  infomation 

existed as t o  whether, during Centaur coast periods, the cryogenic l iquids  

would be dispersed i n  the form of a fog, i n  droplets o r  i n  a s ingle  mass. 

For long periods of zero-g, it was not known whether the l iqu id  would w e t  

and c l ing  t o  the container, leaving only gas i n  the center, o r  whether it 

would co l lec t  i n  the center with the gas adjacent t o  the container walls. 

It was recognized that the s t a t e  of the l iquid would a f f e c t  a l l  phases of 

Centaur vehicle operation. Boil-off rates, venting of the fuel tank, 

hydrogen peroxide consumption, and propellant s e t t l i n g  are d i r ec t ly  dependent 

upon the behavior of the l iquids.  

Tests w e r e  therefore accomplished t o  determine the tehavior of l iqu id  

hydrogen and l iquid oxygen a t  the beginning of ,  during, and following periods 

of zero-gravity. Liquid behavior studies included the following portions of 

the Centaur f l i g h t :  

0 

A.  Coast Periods 

B. Propellant Se t t l i ng  and Outflow 

C.  Vehicle Orientation and Re-orientation 

A. C o a s t  Periods 

Knowledge of the equilibrium configuration of the l iquids  during 

a Centaur coast period was a necessary first s tep t o  considering the 

e f f ec t s  of disturbances on the l iquid.  As discussed i n  Section I-A, 

it i s  possible t o  theoret ical ly  predict  the equilibrium zero-g 
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configuration of the l iqu id  and gaseous hydrogen i n  the Centaur tanks 

from the  principal of minimum energy. However, t h i s  i s  a foxmidable 

task  f o r  even a simple configuration. The development of the l iquid- 

l iqu id  models demonstrated precisely the central  ullage configuration 

which had been computed and indicated i n  drop and a i r c r a f t  tests. 

Furthermore, f o r  more complex configurations of the fue l  tank, the 

l iquid-liquid models again demonstrated t h e  shape of the ullage, but 

as modified by ullage support structures,  center vent and instrumentation 

probes. 

The or iginal  in ten t  i n  the investigation of an ullage support 

s t ructure  was t o  develop a control surface tha t  would eliminate 

the need f o r  the hydrogen peroxide s e t t l i n g  rockets i n  Centaur p r i o r  

t o  an engine re-start. The elimination of the s e t t l i n g  rockets would 

represent a possible payload gain due t o  the conservation of hydrogen 

peroxide. 

support structure could exert  small but posi t ive forces on the ullage 

bubble t o  move it t o  any desired location i n  the f u e l  tank. 

it was considered possible that i n  Centaur an ullage support s t ructure  

could be used t o  concentrate more l iquid i n  the v i c in i ty  of the boost 

pump cutlet. Thus, during the chilldown and main engine start 

sequence the requirements f o r  a continuous l iquid flow would be 

sa t i s f ied .  

The l iquid-liquid models had demonstrated tha t  an ullage 

Therefore, 

The selection of a control surface f o r  the Centaur fuel tank 

was based on the following design considerations: 
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(1) A minimum weight suflace. The w e i g h t  of such a surface should 

not be greater  than the payload gain due t o  conserving hydrogen 

peroxide. 

A surface which would minimize the s i ze  of bubbles caused by 

heat t ransfer  and shorten t h e  time required f o r  bubbles t o  

merge w i t h  the ullage. 

(2) 

Both cylindrical  and conical surfaces were investigated. The 

advantage of the conical shape over a cyl indrical  shape i s  that bubbles 

w i l l  be forced away from the  intermediate bulkhead as they grow. Since 

the primary objective of an ullage support s t ructure  was t o  concentrate 

l iquid i n  the v ic in i ty  of the  boost pump out le t ,  a 1/4 section of a r ight  

tnmcated cone was designed and instal led near the boost pump of one of 

the first Centaur vehicles. 

with t h i s  surface and are discussed i n  Section 111-B. The tests resulted 

i n  removing the ullage support structure f r o m  the Centaur because the 

surface did not serve the purpose f o r  which it was intended. 

surface f o r  the l iquid ovgen  tank was not designed because a th rus t  

ring, ins ta l led  f o r  s t ruc tura l  purposes, served the  same function. 

It was demonstrated, f i r s t  with l iquid-liquid models and then 

analyt ical ly ,  that l iquid would w e t  only a small portion of a tube 

inserted in to  the ullage bubble while i n  zem-g. 

made t h e  f e a s i b i l i t y  of a center vent tube more a t t r ac t ive  because 

l iqu id  losses due t o  flow along the tube would be essent ia l ly  zero. 

Furthermore, the l iquid vapor sensors mounted on a "Christmas Tree" 

l i k e  Structure i n  the Centaur fuel  tank would not be adversely 

affected by l iquid ''creep" during a coast period. 

0 Model zero-g outflow tests were performed 

A control 

This observation 

0 
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0 
B. Propellant Se t t l ing  and Outflow 

Following a re-orientation maneuver and p r io r  t o  an engine re-start, 

the main engine pumps must be chilled down t o  t h e i r  respective l iquid 

temperatures t o  prevent vapor flow a t  engine start. 

method f o r  achieving chilldown i s  t o  f irst  f i re  four  50 l b  thrus t  rockets 

t o  "settle" the propellants, then open valves which w i l l  allow l iquid t o  

flow through the pumps f o r  a specified period, thereby ch i l l i ng  the 

pumps. 

a f t  end of both the hydrogen and olZygen tanks, after a Centaur coast 

period. This is necessary t o  assure that l iquid w i l l  be present a t  

the boost pump i n l e t  a t  i n i t i a t ion  of chilldown flow rates. 

it i s  possible that the heat t ransfer  effects  o r  l iquid sloshing could 

cause large quant i t i tes  of vapor flow through the pumps during ch i l l -  

down o r  engine start, and a f a i lu re  might occur. 

considered necessary t o  conduct model tests t o  determine wmt the 

dis t r ibut ion would be and if successful engine s t a r t s  would occur i n  

The present 

"he purpose of the rockets is  t o  sett le the  propellants a t  the 

However, 

Therefore, it was 

fl ight.  

Testing was performed i n  two areas. I n i t i a l  tests w e r e  conducted 

f o r  the idealized condition of no liquid sloshing o r  vapor entrainment 

during outflow. These t e s t  results were optimistic and represented t h e  

maximum time f o r  flow to  sa t i s fac tor i ly  continue before f a i l u r e  due t o  

gas pull-through would occur. The second ser ies  of tests simulated a s  

closely as possible the ac tua l  condition of' propellant s e t t i ng  followed 

by outflow (vapor entrainment created by heat t ransfer  could not be 

included). 
0 



1. Outflow Tests 
0 

The outflow t e s t s  were performed t o  determine i f  scheduled 

pre-s tar t  sequences would result i n  sat isfactory main engine starts 

and t o  investiggte the poss ib i l i ty  of performing starts using 

fewer tban four  s e t t l i n g  rockets. 

determine the time requil.ed f o r  @ps pull-through t o  occur. Gas 

pull-through i s  produced when tne  l iquid flow i n e r t i a l  forces 

created 

normal liquid-gas interface.  

grsvi ta t ional  f i e ld ,  and a curved interface i s  maintained by surface 

tension forces i n  a zero-g f ie ld .  Pull-through becomes eminent a s  

the interface approaches the tank ou t l e t  because i n e r t i a l  forces 

are a function of l iquid velocity, which rapidly increases near the 

out le t .  

The t e s t  c r i t e r i a  was t o  

by outflow overcome the forces which tend t o  maintain a 

A planar surface is maintained i n  a 

Thus, as the  l iquid l eve l  i s  reduced, the interface deforms 

u n t i l  pull-through OCCUIS. 

P r ior  t o  model tes t ing,  the governing parameters w e r e  determined 

and are discussed i n  d e t a i l  i n  Reference 4 .  

f i r i ng ,  acceleration and i n e r t i a l  forces w i l l  control the f l u i d  

behavior during outflow. 

described as the  Froude number. Viscous forces  were eliminated on 

the basis that they are important only near a so l id  surface where 

large velocity gradients may exis t .  

f i r i n g  the s e t t l i n g  rockets, it was thought that only surf'ace tension 

and viscous forces would ex is t  t o  oppose l iqu id  i n e r t i a l  forces. 

order of magnitude analysis again showed that viscous forces were 

With the s e t t l i n g  rockets 

These forces are the f l u i d  flow parameters 

If outflow is  attempted without 

An 
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negligible,and the f lu id  parameter described as the Weber number 

was selected to  simulate Centaur l iquid behavior during zero-g 

outflow. The time f o r  pull-through t o  occur in the Centaur was 

found f r o m  the observed time of t h e  m o d e l  tests which was then 

applied t o  tile following equations: 

,-.-I--- 

(Pmm Froude Number) 

where : 

t =time 

Do = character is t ic  length 

g = acceleration f i e l d  

p = l iquid density 

6 = liquid-gas surface tension 

Subscripts c and m re fer  t o  Centaur and model. 

developed i n t h e  Appe- of Reference 4 . The time scaling 

derived f r o m  the Froude number was verified over a tank model s i z e  

of about 5 t o  1. 

i s  jus t i f ied  based on t h i s  excellent correlation. The time scaling 

derived from the Weber number f o r  zero-g outflow was verif ied f o r  

limited outflow conditions in  a l / 3 5 t h  scale model and therefore 

may be subject t o  error when extrapolated t o  the Centaur outflow 

conditions. 

The equations a re  

It is f e l t  that extrapolation t o  Centaur conditions 

However, because the outflow process appears t o  depend 



only on t h e  liquid-gas surface energy, it was tnought that the 

Weber number parameter could be used f o r  t h i s  application with 

a good degree of confidence. 

Both liquid-gas and liquid-liquid model t e s t s  w e r e  conducted 

t o  simulate the scheduled pre-s tar t  sequence and reduced "G" tests. 

The primary reason f o r  liquid-liquid t e s t s  was t o  obtain higher 

Froude numbers than could be obtained in  the liquid-gas tests. 

1/20th and 1/35th scale model Plexiglas containers w e r e  used and 

motion picture coverage obtained f o r  all t e s t s .  Liquid-gas tests 

included water, Freon TF, o r  Stoddard solvent, with a i r .  Liquid- 

l iqu id  tests were conducted w i t h  two innniscible l iquids ,  Freon TF 

and water. 

than freon, the simulated "gas". 

Freon TFwas the liquid, and water, which i s  lighter 

Liquid-gas tests using Freon TF and Stoddard solvent w e r e  

performed i n  the  drop tower apparatus t o  simuLate chilldown during 

zero-g. It was not possible t o  es tabl ish ini t ia l  l iqu id  dis t r ibu-  

t ions similar t o  those expected i n  Centaur a t  the beginning of the  

second and th i rd  pre-start .  

modified by heat t ransfer  and the re-orientation maneuver p r i o r  t o  

the pre-s ta r t  sequence, and most l i k e l y  w i l l  r e su l t  i n  less than 

the full amount of l iqu id  t o  be concentrated a t  the intermediate 

bulkhead. 

interface t o  be nearer the boost pump inlets, which w i l l  result 

i n  a shorter  pull-through time than was determined from t e s t s .  

During the  model tests, most of the l iqu id  was located a t  the 

The equilibrium dis t r ibu t ion  w i l l  be 

The reduced l iquid mass a t  the bulkhead w i l l  cause the 



intermediate bulkhead of the nydrogen tank and a t  the  bottom 

of the oxygen tank, because suff ic ient  zero-g time was not avail- 

able t o  a t t a i n  the equilibrium dis t r ibu t ion  and then perform the 

test. Heat t ransfer  and re-orientation maneuvers will have no 

ef fec t  on the f i r s t  pre-start  sequence because the vehicle need 

only separate a prescribed distance f r o m  the booster before pre- 

start can begin. 

ullage support structure,  and the results w e r e  campared i n  order 

t o  determine the effectiveness of the s t ructure  t o  delay the t h e  

f o r  gas pull-through t o  occur i n  the hydrogen tank. 

The tests were performed with and without an 

The results of the simulated scheduled pre-s ta r t  sequence and 

reduce "G" t e s t s  are presented i n  lIBbles I and I1 and are summarized 

as follows: 

Pull-tnrough will not occur f o r  ariy of the pre-s tar t  

sequences i n  the l iquid oxygen and liquid-hydrogen 

tanks if  the  planned four  s e t t l i n g  rockets are f i r e d  

continuously during chilldown and main engine start. 

Pull-tnrough w i l l  not occur i n  the l iqu id  oxygen tank 

during any of the three pre-s tar t  sequences if  only 

two rockets are f i red .  

Pull-through w i l l  not occur during the f i rs t  and second 

pre-s tar t  sequence i n  the l iquid hydrogen tank i f  only 

two rockets a r e  firea. 

Pull-through could possibly occur i n  -Kie l iquid 

hydrogen tank during the th i rd  pre-s ta r t  sequence i f  

only two rockets are f i r ed ,  considering the tests w e r e  

performed under idea l  conditions. 
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Tests simulating the first pre-s tar t  were not conducted 

because extrapolation f r o m  t h e  other tests indicated no 

problems would occur. 

Test results of the  zero-g pre-s tar t  sequence is  shown 

i n  lbble 111, and summarized as follows: 

Pull-through w i l l  not occur i n  t h e  l iqu id  oxygen tank. 

Pull-through will not occur during the f i rs t  pre-s tar t  

i n  the l iquid hydrogen tank and could possibly occur 

during the second pre-s tar t .  

Pull-through i n  the  l iquid hydrogen tank w i l l  occur 

during the t h i r d  pre-start .  

The ullage support structure designed f o r  the hydrogen 

tank is  of l i t t l e  help i n  delaying o r  preventing pul l -  

through. 

The ullage support structure was ineffect ive because the 

surface tension forces were considerably smaller tnan l iquid 

i n e r t i a l  forces. The effectiveness of a control surrace f o r  

the Centaur fue l  tu- could be improved by increasing the s i ze  

and thus maintaining t h e  l iquid interface even fbr ther  from the 

boost pump i n l e t .  

forces sucn taat surface tension forces could prevent pul l -  

through. However, the weight of such a s t r u c t u r e  would be 

greater  than the payload gain due t o  conserving hydrogen 

peroxide. Therefore, f o r  Centaur there appears t o  be no 

advantage i n  using an ullage support structure.  

This distance would reduce l iqu id  i n e r t i a l  



2. Settling-Outflow Tksts 

The purpose of thls  t e s t  series was t o  simulate as closely 

as possible the ac tua l  condition of propellant s e t t l i ng ,  

sloshing and sloshing outflow. 

heat t ransfer  e f fec ts  could not be sjmulated. Liquid oxygen 

model t e s t s  were not conducted during t h i s  phase of the  test 

series because fuel conditions would be more severe. 

Vapor entrapment caused by 

Simulation of Centaur f lu id  conditions could not be 

completely satisfied during the m o d e l  tests. 

has yet t o  be observed, and therefore, cannot be duplicated. 

However, based on present knowledge, two extreme conditions 

w e r e  considered possible; tne dis t r ibut ion created by the 

zero-g separator operation, and an equi l ibr ium zero-g d i s t r i -  

bution. 

t e s t s .  According t o  t h e  best estimates, l iquid w i l l  flow 

down the tank walls when the se t t l i ng  rockets a r e  turned on. 

Such a condition 

Only the l a t t e r  could be simulated during the m o d e l  

An analysis was performed t o  determine tne governing model 

test  parameters. For the  se t t l i ng  simulation, it was shown 

that viscous o r  form drag forces would be small compared t o  

the acceleration force. Surface tension e f fec ts  w e r e  a l s o  

negligible f o r  the s e t t l i n g  simulation. Therefore, the 

s ignif icant  parameter was the Froude number. 

that acceleration forces would predominate, simulation of 

propellant s e t t l i n g  could be achieved wi tn  any scale  model 

tank as long as viscous and surface tension forces remained 

By i l l u s t r a t i n g  

33 



small. This asser t ion i s  proven i n  Reference 4. 

An order of magnitude analysis showed that surface tension 

forces would be negligible during simulation of l iqu id  sloshing. 

Because only a re la t ive ly  short  time period of sloshing was of 

in te res t ,  l i t t l e  damping should occur and viscosi ty  e f fec ts  could 

a l so  be ignored. Therefore, once again the Froude number was the  

governing t e s t  parameter. 

model test Froude number f o r  sloshing simulation will a lso  be equal 

t o  the Centaur Froude number. 

As long as s e t t l i n g  is simulated, the 

It was previously demonstrated that outflow could be simulated 

if  the proper model t e s t  Fmude number was selected. 

en t i r e  pre-s tar t  sequence could be simulated from the beginning of 

s e t t l i n g  u n t i l  the end of chilldown. 

Hence the 

An 18-inch diameter aluminum model Fuel tank was used during 

tes t ing.  

ins ta l led  t o  contain some of the t e s t  f l u id  above the intermediate 

bulkhead. 

determined time, a valve downstream of the boost pump i n l e t  opened, 

cmenc ing  flow. 

pump i n l e t  was used t o  indicate the time f o r  pull-through t o  occur. 

The standard forward bulkhead was removed and a reservoir 

Liquid was released fran the reservoir, and a t  a pre- 

Motion picture coverage of the plexiglass boost 

Preliminary outflow t e s t s  were conducted with no p r i o r  

s e t t l i n g  t o  es tabl ish an ideal reference time f o r  pull-through t o  

occur. Each t e s t  condition was conducted using a s  a variable the 

time period between liquid being bottomed and s t a r t  of outflow. 

This was t o  simulate increased s e t t l i n g  rocket f i r i n g  €ime f o r  
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reducing sloshing and enabling entrapped vapor t o  escape the 

boost pump region p r io r  t o  the start of flow. 

t o  determine the e f fec t  of increased s e t t l i n g  time upon gas 

pull-through time. 

The purpose was 

If tne Centaur separator has not operated r o r  a time p r io r  

t o  t h e  s e t t l i n g  period, approximately one-hah of the l iquid w i l l  

be located a t  the intermediate bulkhead, following a Centaur re- 

orientation maneuver. Therefore, t o  simulate t h i s  condition, tests 

w e r e  conducted with the liquids evenly dis t r imted between the 

reservoir and bulkhead. 

l iquid in tne  reservoir t o  determine i f  sloshing and outflow would 

be appreciably affected. 

Wsting was a l so  performed With a l l  the 

The t e s t  resul ts  are presented i n  Wbles IV,  and V and 

sunnnarized as follows: 

(a) Considerable gas entrapment occurred during propellant 

s e t t l i n g  resulting in :  

(1) About 35% - 50$ gas flow by volume a t  the start of 

chilldown f o r  a l l  tes t  conditions. 

2$ - 5$ gas flow a t  w h a t  would be the end of Centaur 

chilldown. 

t o  estimate because the  bubbles w e r e  small and f ine ly  

dispersed. 

(2) 

The percent of vapor was extremely d i f f i c u l t  

(b) The time f o r  clear flow t o  be established appeared t o  be 

dependent on the 

on the entrapped 

duration of acceleration f i e l d  influence 

vapor. 
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(1) Delaying t h e  start of outflow did not reduce the 

duration of vapor outflow. Representative test 

results converted t o  Centaur times are shown i n  

Thble I V .  

"he l iquid currents, established when the l iquid was 

settled, appeared t o  be suf f ic ien t ly  strong t o  impede 

bubole rise i n  t h e  acceleration field.  

(2) 

(c) For the conditions where 1@ of the l iquid was contained i n  

the reservoirs approximatdy-80$ more time was required f o r  

c l ea r  flow t o  occur than when only 50$ of the  l iquid was 

original ly  i n  the reservoir. 

Main gas pull-through during outflow was not appreciably 

affected by gas entrapment and sloshing. 

given i n  Wble  V. 

(d) 

A comparison is  

It is expected that the quantity OI vapor entrapped by the 

l iquid hydrogen flow stream w i l l  be primarily dependent upm the  

effectiveness of accelerations t o  c l ea r  the boost pump region of 

vapor p r io r  t o  commencing outflow. 

l iquid velocity toward tne pump w i l l  be establisned and is greater  

than the bubble r i s e  velocity. A correlation& bubble r i s e  rates 

i n  a var ie ty  or  l iquids  i s  presented i n  Reference 39. The test 

correlation obtained was a simple p l o t  of drag coeff ic ients  versus 

Reynolds number. The maximum bubble rise veloci ty  was then 

computed f o r  gaseous hydrogen i n  l iquid hydrogen a t  low 

accelerations, assuming the buoyant force of the bubble was 

Once outflow has commenced, a 
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equal t o  the drag force on the bubble. 

i n  Figure 5 .  

w i t h  four rockets f i r i n g  is  40$ greater than with two rockets 

f i r i ng .  

consumed. 

propellant i f  two rockets a r e  f i red  w h i l e  l iquid hydrogen is being 

cleared of vapor. 

These results a r e  shown 

This curve shows tha t  the maximum bubble velocity 

Therefore, approximately 1@ more propellant would be 

However, more e f f i c i en t  use will be made of the rocket 

Based on t h e  resu l t s  of the outflow and s e t t l i n g  outflow t e s t s ,  

the following changes a re  recommended f o r  the Centaur pre-s ta r t  

sequences: 

(a) Perfom the f i rs t  pre-s tar t  sequence without f i r i n g  the 

s e t t l i n g  rockets. 

Perfom the second pre-s ta r t  sequence f i r i n g  only two of 

four s e t t l i n g  rockets. 

(b) 

(c)  s e t t l e  the propellants p r i o r  t o  the 31d pre-start 

sequence, f i r e  t w o  rockets. 

the start of chilldown flow. 

F i re  a l l  four rockets a t  
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' * c. Orientation *sts 

Part of the  l iquid behavior test  program was an investigation 

t h e  l iquid disturbances caused by the Centaur orientation and re- 

of 

orientation maneuvers. Since the vehicle must be oriented t o  the sun 

following an engine f i r i n g  and =-oriented i n  the proper velocity vector 

p r io r  t o  an engine re-start, these maneuvers were investigated t o  f ind 

i f  f lu id  disturbances would be suff ic ient  t o  a f f ec t  center vent 

operation. 

l iquid hydmgen w i l l  not be i n  the form of droplets flowing throughout 

the tank during the zero-g coast. 

Operation of the vent i s  based on the  assumption that the 

The sequence performed t o  orient and re-orient the vehicle i s  as 

The vehicle is  ro l l ed  in one plane t o  achieve the desimd 

attitude. 

A canbination of the 50 pound ullage rockets and the a t t i t ude  

control rockets a re  f i r ed  intermittently t o  produce an 

angular and l inea r  acceleration. 

This acceleration period is  followed by a period of constant 

rotation rate, the length of which is  determined by the 

required orientation angle. 

The deceleration period is  the reverse of the acceleration 

period . 
Since the angular velocity i s  approximately one degree/second, the 

maximum turn time is  about 180 seconds. 

exactly cancelled but the l inear  veloci t ies ,  (i .e. the  velocity increments), 

The angular veloci t ies  are 



a r e  not cancelled. 

Pr ior  t o  testing, the governing parameters were established. The 

parameters affect ing t h e  osci l la tory response of a l iquid i n  a container 

i n  a zero-g environment a re  the density, surface tension, viscosi ty  and 

character is t ic  dimension. For purposes of these t e s t s ,  viscous forces 

were eliminated on the basis t h a t  several  complete osci l la t ions could 

be observed whenever a zero-g equilibrium ullage shape was disturbed. 

Therefore, with such low damping, the natural  period of osc i l la t ion  was 

essent ia l ly  independent of viscosity. Furthermore, the orientation 

maneuvers were completed i n  a f rac t ion  of a zero-g ullage osci l la t ion.  

Because viscous forces were negligible, the f l u i d  parameter described 

as t h e  Weber number was selected t o  simulate the osc i l la tory  response 

of the Centaur l iquid hydrogen. 

t o  represent the relat ion of model time, Tm, t o  Centaur time, Tc. 

The following equation w a s  writ ten 

where : 

t = time 

D = characterist ic length 

P =  l iquid density 

6 =  liquid-gas surface tension 

Subscripts c and m r e fe r  to model and Centaur. 

par t  of the orientation and re-orientation maneuvers, the following 

equation was used t o  scale model t o  f u l l  s ize  e f fec ts .  

During the acceleration 
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2 

where : 

A = acceleration 

p = l iquid density 

3 = liquid-gas surface tension 

D = characterist ic dimension 

Subscripts c and m re fer  t o  Centaur and model. This relationship 

was obtained by dividing the Weber number by the Froude number. 

Two methods f o r  performing these t e s t s  were considered; drop tests 

and a i r c r a f t  tests. The disadvantages of the drop tes t ing  were the 

necessity of using very s m a l l  models because of the limited space and 

zero-g time i n  the drop tower, and a t e s t  requirement that the model 

l iquids  should be distributed s imil iar ly  t o  the Centaur f lu id  p r io r  

t o  performing the simulated maneuver. I n  the case of the orientation 

maneuver, the l iquid should be a t  the bottom of the model, while f o r  

the re-orientation maneuver, the l iqu id  should be i n  the zero-g steady 

state configuration p r io r  t o  simulating the maneuver. It w a s  thought 

t h a t  the necessity of using the very s m a l l  models might obscure detailed 

l iquid motion because of high damping i n  small models. 

consideration was given t o  performing these t e s t s  i n  the a i r c r a f t  

where zero-g times would pennit the use of la rger  models. Experience 

gained i n  pr ior  a i r c r a f t  tes t ing had demonstrated the d i f f i cu l ty  i n  

controlling the tes t  conditions, and it was not immediately apparent 

t h a t  the tes t  objectives could be accomplished using the a i r c r a f t .  

Therefore, 
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Therefore, p r i o r  t o  f ina l iz ing  the design and fabricat ing t e s t  

hardware, exploratory t e s t s  were conducted i n  both the laboratory 

and a i r c r a f t  t o  obtain evidence of the most feasible  method of per- 

forming these tests. 

Two f l i g h t s  were accomplished on the C l 3 l B  a i r c r a f t  t o  obtain 

evidence that sufficient time was available t o  first a t t a i n  an 

equilibrium configuration of the f luid and then perfom the 

simulated maneuver. 

scale  model was used. Results of these f l i g h t s  c lear ly  demonstrated 

that the zero-g time was not suff ic ient  t o  damp out l iqu id  perturba- 

t ions  due t o  deviations i n  the a i r c ra f t  t ra jec tory  i n  models of t h i s  

s ize .  

advantage t o  performing the t e s t s  on the a i r c r a f t .  

A simple t e s t  capsule with a 1/35th and 1/60th 

However, the use of smallermodels would eliminate any 

A t  the same time the a i r c ra f t  exploratory t e s t s  were being 

performed, drop t e s t s  and l iquid-liquid dynamic t e s t s  were conducted 

t o  visual ly  determine the effects of damping i n  very smallmodels. 

The preliminary investigations were simple rotations of 1/140th, 

1/35th and l / lOth scale models. 

frame speeds matched t o  t h e i r  size according t o  the scaling l a w s .  

A visual  analysis of t h e  films showed that l iqu id  motion was similar 

i n  the diffeyent s ize  models, and therefore, t h a t  the scaling laws 

could be extended down t o  small model s izes .  

results and the unsuccessful resul ts  of the preliminary a i r c r a f t  

t e s t s ,  it was decided t o  perform the orientation and re-orientation 

t e s t s  i n  the two second drop f a c i l i t y .  

These models were photogmphed a t  

Based on these tes t  
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The model selected w a s  a l / 9Oth  scale l u c i t e  tank. The Centaur 

parameters were then scaled t o  t h i s  model s ize  and the model trajectory 

calculated. 

hardware f o r  simulating the trajectory. 

and terminated with calibrated and timed a i r  blasts ac t ing  on two 

of fse t  paddles mounted on the model. 

a ve r t i ca l  plane, but was restrained. t o  t h i s  plane by a linkage with 

very low f r i c t i o n  and small mass. The proper impulses were obtained 

by adjusting the blasts and the amount of of fse t  of the paddles. 

Details of the model t ra jectory and hardware are contained i n  

Reference 6. 

The tes t  assembly consisted of  the model and associated 

The maneuver was in i t i a t ed  

The model moved unrestrained i n  

The t e s t  model was f i l l e d  t o  30% of i t s  volume with 

0 Freon TF (simulating the f i r s t  Centaur coast period). Three 

d i f fe ren t  portions of the trajectory were photographed with a 400 

f rame/second Milliken camera. 

(I) The s tar t  and f i rs t  acceleration period which simulated 

f i r i n g  of the Centaur 50 l b .  ullage rockets and the 

a t t i tude  control rockets. 

The coast period which simulated the Centaur period of 

constant rotation rate .  

The deceleration period and second coast which simulated 

the same period i n  Centaur. 

( 2 )  

(3)  

Time delays of 20, 100 and 300 milliseconds were used before the start 

of the t ra jectory sequence t o  simulate as nearly as possible the 

l iqu id  dis t r ibut ion i n  Centaur pr ior  t o  perComing the orientation 

0 and re-orientation maneuvers. The l iquid was i n i t i a l l y  a t  the 
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bulkhead end of the model i n  one-g. During t h e  20-msec zero-g time 

delay the ullage had ju s t  s tar ted t o  form, thus simulating the 

orientation maneuver. With 300 msec, the ullage was essent ia l ly  

completely formed i n t o  the hemispherically lowest energy configuration. 

This simulated the l iquid distribution p r io r  t o  a re-orientation maneuver, 

a f te r  a zero-g coast period. 

A n  analysis of the films showed t h a t  during the f irst  acceleration 

period the l iquid s tar ted t o  f a l l b a c k  from i t s  concave shape in to  a 

roughly f l a t  surface. 

t o  form i n  the center near the end of the acceleration period. In the  

long-time delay tests enough kinetic energy was l e f t  i n  the dome to  form 

an appreciable j e t  squirting into the center of the tank. 

ullage then s ta r ted  t o  form and was completed before the deceleration. 

During t h i s  period of constant rotation rate, t h e  ullage was great ly  

displaced by the rotation of the tank. The l iquid displacement was 

opposite t o  the rotation, with most of the l iqu id  lying along one 

side of the tank ju s t  before t h e  deceleration. The deceleration 

period caused the f u e l  t o  rotate as a whole up and down the walls 

and across the ends of the tank. This sloshing occurred because 

the l iquid continued t o  rotate f o r  a time a f t e r  the tank rotation 

slowed down and because the l inear  deceleration of the tank caused 

a higher head pressure along the one wall (because of a higher column 

of l iqu id)  than along the opposite one. 

direction i n  which the tank had been rotating. 

bottom, it travelled up the side of the tank w a l l  i n  a column. 

The kinetic energy of the l iquid caused a dome 

A rounded 

The l iquid moved i n  the 

After crossing the 

0 Some 
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"feathering" was displayed along the front  edge of t h i s  column nearest 

the center of the tank. However, there was s t i l l  a discernible ullage 

with the l iquid next t o  the w a l l .  

l iquid motion continued t o  move up and around the f ront  of the tank and 

then back toward the bulkhead. There was some formation of bubbles near 

the dome of the intermediate bulkhead due t o  the impingement of the 

l iquid on the bulkhead. Although the f u e l  was i n  a somewhat confused 

condition, there s t i l l  was a well defined ullage with the l iquid 

adjacent t o  the container walls. Some damping became apparent 

during t h i s  coast period a f t e r  deceleration. 

After the deceleration period the 

It should be noted that due t o  t e s t  schedule l imitations and 

an e r ro r  made during tes t ing  that t h i s  series of tests was not as 

complete as originally planned. It was proposed t o  investigate the 

e f fec ts  of the orientation and re-orientation maneuvers on the l iqu id  

hydrogen a t  the beginning of and af ter  both the f i r s t  and second 

Centaur coast periods. During the f i r s t  Centaur coast the l iquid 

percentage of the t o t a l  tank volume i s  305, while during the second 

Centaur coast period, t h e  l iquid percentage of t h e  t o t a l  tank volume i s  

only 10%. Only the 30% f i l l  case m s  investigated due t o  tes t  schedule 

l imitations.  Furthermore t h e  results of an e r ro r  during tes t ing  with the 

30% f i l l  case prevented an accurate simulation of the orientation and 

re-orientation maneuver f o r  the first Centaur coast period. This 

e r ro r  was not uncovered u n t i l  tes t ing was complete. "he tests w e r e  

performed with the hardware apparatus adjusted f o r  a 10% f i l l  

t ra jectory and with the model tank 30$ f u l l  of l iquid.  The t ra jectory 
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used (10% f i l l )  differed from the 305 f i l l  t ra jectory i n  t h a t  the 

accelerations w e r e  stronger, the veloci t ies  higher and the l i nea r  

distance longer. Timing and a l l  angular characterist ics would be 

the  same f o r  both t ra jector ies .  

discussed i n  Reference 

d i d  not appreciably a f f ec t  the observed test results,  and therefore, 

the results can be considered a good representation of what w i l l  occur 

i n  Centaur. In summary the t e s t  results c lear ly  demonstrated that 

the l iquid would be disturbed but t h a t  flow i n  general would be i n  a 

c i rcu lar  motion along the longitudinal dimension of the tank with 

gas i n  the middle and l iquiq along the walls. 

anticipated that the  Centaur orientation maneuvers w i l l  a f f ec t  center 

vent operation. 

An analysis of the  two t ra jector ies ,  

6 ,  led t o  the conclusion that t h i s  e r ro r  

Therefore, it i s  not 
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TABU I 

Time f o r  Pull-Through t o  Occur i n  Centaur for Scheduled Pre-Start Chilldown 
Periods ( 4  Vernier Rockets Firing) 
Required chilldown times - 33 sec. 

Is t 2nd( 30% l i q .  by vol)  3rd( 10% lig. by vol) 

LO2 Tdnk 5 1 0 0 0  sec* -5-1000 sec* 600 sec. 

lPdnk -1000 sec* 250 sec 61 sec. (H20 A i r )  

* Estimated chilldown time 

Time f o r  Pull-Through t o  Occur i n  Centaur f o r  Reduced "G" Pre-Start Chilldown 
Periods (2 Vernier Rockets Firing) 

Is t 2nd (30% l i q .  by vol) 3rd (10% l i q .  by 
vol) 

Lo2 Tank > 1000 sec* >lo00 sec* 680 sec. 

LH2 Tknk >lo00 sec* 190 sec. 37 s e c H  

* Estimated chilldown time 

Jt3c Because Centaur propellant conditions w i l l  be more severe than t e s t  conditions, 

a successful zero-chilldown i s  not anticipated. 

TAB= I11 

Time f o r  Pull-Through t o  Occur i n  Centaur f o r  Zero-G Pre-Start Chilldown Periods 

Is t 2nd ( 30% l i q .  by vol) 3rd (10% l i q .  by 
vol)  

Lo2 >l92 sec* 192 sec. 54.9 set* 

LH2 >136 sec. 43.1 secM 4.3 sec.  

* Estimated chilldown time 
+E Because Centaur propellant conditions w i l l  be more severe than test conditions, 
- -  a successful zero-g chilldown i s  not anticipated.  

0 
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TABU V 

Influence of Gas Entrapment and Sloshing Upon Maximum Allowable Liquid 

Hydrogen Chilldown Outflow Times* 

N o .  of Rockets 

4 

Third Pre-Start 

63.1 sec* 10% l iquid 

56.6 sec l1 1 1  

60.9 sec l1 11 

56.3 sec l1 

33.8 sec* 6.5% l iquid 

3 . 8  sec 

30.1 sec l1 1 1  

1 1  

1 1  1 1  

24.2 sec l 1  
1 1  

* No sloshing or entrapment during outflow 

we Suff ic ient  data was not obtained t o  present second pre-s tar t  resu l t s .  
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I V  . VENTING TESTS 

During extended Centaur coast periods, heat transferred in to  the f u e l  

tank will ra ise  the vapor pressure and necessitate the use of a vent device 

t o  re l ieve tank pressure. 

t ha t  conventional vent devices might not be adequate i n  a zero-g environment. 

I f  due t o  mechanical or thermal effects the l iquid and gas during zero-g were 

randomly dispersed throughout the tank, a conventional vent device might vent 

l iquid with the gas, causing propellant l o s s  and subsequent reduction i n  

vehicle performance. Therefore, a s  part of the zero-g t e s t  program, two 

methods of venting the Centaur f u e l  tank were investigated; a dynamic separator 

and a s t a t i c  device with no moving parts. 

When t h e  program was in i t i a t ed ,  it was thought 

A. Dynamic Separator 
e 

Results of ear ly  t e s t ing  on the C l 3 l B  a i r c r a f t  i n  1959 indicated 

t h a t  a rotating device might solve the venting problem. A centrifugal 

separator device was subsequently designed and tes ted a t  Astronautics. 

A schematic drawing of the General Dynamics/Astronautics separator i s  

shown i n  Figure 6. This vent device consists of two ident ica l  units, 

each containing a separator d i s c ,  control valve, turbine and heat 

exchanger. The two discs counter rotate  t o  balance out t h e i r  torque 

and prevent the vehicle from roll ing during the zero-g period of the 

t ra jectory.  Each disc  consists of a c i rcu lar  f l a t  p l a t e  wi th  rad ia l ly  

ducted holes, equally spaced, connected t o  a cent ra l  hollow shaft .  

When the d isc  i s  rotat ing it w i l l  vortex the l iquid hydrogen drawing 

the gas ullage bubble t o  it, thus allowing gas t o  vent through the holes. 0 



Centrifugal forces prevent l iquid from being vented. 

Each separator disc i s  connected d i r ec t ly  t o  a velocity compounded 
a 

impulse turbine. 

a control valve opens allowing gas t o  flow t o  the turbine, s ta r t ing  it 

t o  rotate .  Since the turbine is  connected d i r ec t ly  t o  the separator 

disc ,  the disc  starts spinning clearing the holes of l iquid hydrogen 

and drawing the gas ullage t o  it. 

between the tank and turbine housing (vented t o  f r ee  space), the gas i s  

cooled by i t s  expansion i n  the turbine. 

oooling process, the gas is then passed through heat exchangers before 

being vented overboard. 

gas i n  the tank, lowering pressure and subsequently the quantity of 

hydrogen vented. 

When the tank pressure reaches a pre-determined value, 

Due t o  the d i f f e ren t i a l  pressure 

To take advantage of t h i s  

This heat exchange process cools the l iquid and 

0 A s  par t  of the t e s t  program, an 18 inch diameter scale model Centaur 

tank and two scale model separator rotors were b u i l t  f o r  tes t ing  i n  a 

zero-g environment. The t e s t  f l u i d  was l iquid nitrogen. The objective 

of t h i s  phase of the a i r c r a f t  t e s t  program was t o  photograph the e f fec ts  

of the operation of the rotor on the l iquid circulat ion and t o  determine 

i f  the separator w i l l  c lear  i t s  "breathing hole" and vent j u s t  gas when 

submerged i n  l iquid.  

Early t e s t  f l i g h t s  i n  July and August of 1961 c lear ly  demonstrated 

tha t  because of the l imitations of  the t e s t  hardware and means of 

tes t ing  the t e s t  objectives could not be met. Excessive l iquid 

motion p r io r  t o  capsule release into zero-g prevented studying i n  

d e t a i l  l iquid circulation patterns i n  the tank due t o  the rotat ing 

disc .  This excessive l iquid motion was caused by l o w  o d e r  disturbances 

which occur p r io r  t o  release into zero-g. The s i ze  -of the t e s t  

capsule and limited zem-g time available on board the a i r c r a f t  

0 



B. S t a t i c  Vent Device 

Knowledge gained a s  a resul t  of l iquid behavior studies made it 

possible t o  consider a center vent tube a s  a means of venting vapor 

only from the Centaur l iquid hydrogen tank during coast periods. 

vent tube represents the most mechanically re l iable ,  due t o  simplicity, 

and the l i gh te s t  vent system presently conceived. 

The 

The development of the liquid-liquid models c lear ly  demonstrated 

that, f o r  equilibrium conditions, l iquid hydrogen w i l l  wet only a s m a l l  

portion of a tube inserted in to  the ullage region of l iquid and 

gaseous hydrogen i n  a zero-g environment. 

the shape of the liquid-gas ifiterface around a center vent tube i s  

presented i n  Reference 7 , and confirmed analyt ical ly  the v isua l  

results. 

a t t r ac t ive  because l iquid losses due t o  flow along the tube would be 

essent ia l ly  zero. Since l i q u i d  w i l l  not flow along the tube, the 

only way possible f o r  l iquid t o  be vented overboard i s  i f  forces a c t  

on the l iquid t o  cause flow toward the tube i n l e t .  

orientation maneuvers, and/or the venting process, could displace 

l iquid toward the vent tube. The resu l t s  of the or ientat ion t e s t s ,  

Section 1 1 1 - C ,  showed that the maneuver would cause considerable 

l iquid rotation but probably not cause l iquid flow i n  the v i c in i ty  

of a tube i n l e t  located near the tank center. Liquid disturbances 

created by the venting process are  discussed here and described i n  

d e t a i l  i n  Reference 8. 

A mathematical treatment of 

The observation made the f e a s i b i l i t y  of a vent tube more 

The vehicle 
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Boiling w i l l  be in i t i a t ed  during the venting process because of 

tank pressure reduction below liquid-vapor pressure. 

def in i te ly  known how boiling w i l l  be dis t r ibuted throughout the tank 

o r  which type of boil ing w i l l  dominate. 

be for boiling t o  occur a t  t h e  liquid-gas interface o r  a t  the tank 

walls. 

interface,  the l iquid distribution w i l l  not be disturbed and vapor 

only will be vented. 

the ullage i s  i n i t i a l l y  reduced because vapor i s  vented without being 

replaced. 

with the ullage and fur ther  ullage reduction w i l l  cease. This 

condition can be regarded as the  equilibrium ullage volume because 

the vapor vent flow rate i s  equal t o  the ra te  of vapor bubble coalescence 

with the ullage. 

It i s  not 

The extreme conditions would 

I f  boil ing (evaporation) does occur a t  the liquid-gas 

However, i f  boil ing takes place a t  the walls, 

Eventually t h e  bubbles generated a t  the walls w i l l  coalesce 

Hydrogen boiling during the  venting sequence could not be 

simulated with model t e s t s  because of i t s  complex nature. The only 

reasonable approach therefore was t o  se lec t  a venting model which 

would simplify the f l u i d  behavior and would be conservative. The 

venting model selected assumed the following: 

(1) 

(2) 

No surface evaporation o r  boi l ing within the l iquid.  

Boiling occurs a t  the  intermediate bulkhead with the 

boi l ing ra te  equal t o  the vent flow rate. 

Vapor bubbles coalesce immediately upon contact. 

No l iquid motion except that created by boiling. 

( 3 )  

(4) 
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This model m s  simplified because only wall boiling was 

considered. 

t h a t  vapor bubbles coalesced immediately upon contact. 

behavior was character is t ic  of  the vapor of pure l iquids  such a s  

l iqu id  hydrogen. The model was conservative because surface 

boiling and bulk l iquid boiling were not permitted. 

cause the vapor bubbles t o  reach the ullage more rapidly than would 

peripheral jo in t  boil ing which permits bubbles t o  be generated a t  a 

maximum distance from t h e  ullage. In  addition, no l iquid motion 

should increase the time required f o r  bubbles t o  reach the ullage. 

Ear l ie r  zero-g t e s t s  with liquid-hydrogen had shown 

This 

Each would 

Based on t h i s  venting model, a theory describing the f lu id  

behavior was postulated and venting tests were performed t o  

ver i fy  t h i s  theory. 

follows. Vapor originating a t  the tank walls, during a venting 

sequence, while i n  a zero-g environment, can only be transported 

t o  the ullage by the mechanism of coalescence with other vapor 

bubbles. 

contact i s  made with the ullage, a t  which time the bubbles w i l l  

become pa r t  of the ullage. 

therefore, f o r  a given tank geometry and heating dis t r ibut ion,  

that a maximum vapor bubble volume would exist  beyond which additional 

vapor generation would cause individual bubbles t o  merge and grow, 

such that coalescence with the ullage volume would occur a t  the 

same volume rate as vapor being vented from the ullage. 

ullage volume t h a t  existed simultaneously with the maximum vapor 

The essence of the postulated theory was as 

A s  a resu l t  of coalescence, bubbles w i l l  grow u n t i l  

It seemed reasonable t o  assume 

The 
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bubble volume was the equilibrium ullage volume. Obviously, t h i s  

equilibrium ullage volume was the minimum ullage volume that should 

e x i s t  i n  the tank during an extended vent sequence. 

volume wits defined as  that single volume of vapor which encompassed 

the vent tube i n l e t .  The vapor bubble volume was the  sum t o t a l  of 

a l l  the individual bubbles tha t  are i n  the l iquid.  The time scale 

equation derived from the postulated f l u i d  behavior was as follows: 

The ullage 

where 

t* = time t o  reach equilibrium ullage condition i n  hr. 

v = t o t a l  tank volume-ft3 

? = volumetric vent flow rate-ft3/hr. 

Subscripts c and m re fer  t o  Centaur and model. 

value f o r  

t g  

Model t e s t s  provided a 
-. 

anqVm j. Because ($) i s  known f o r  the Centaur vehicle, 
0- \ m  

could be determined from the equation. 

Both l iquid-liquid ground t e s t s  and zero-g 2-second drop t e s t s  were 

performed. 

time scaling equation. 

comparing f lu id  behavior i n  a zero-g condition with ground t e s t s  t o  

demonstrate the va l id i ty  of the ground t e s t  vent sequence. 

secondary purpose was t o  conduct t e s t s  under more severe conditions 

than those expected i n  f l i gh t .  

The purpose of t h e  l iquid-liquid t e s t s  was t o  ver i fy  the 

The drop t e s t s  were primarily f o r  purposes of 

The 



To obtain useful data from the liquid-liquid model tests, a 

method had t o  be found f o r  making the l iquid behave i n  a manner 

similar t o  that postulated f o r  the ideal  model. The l iquid-liquid 

model simulation of the Centaur vent cycle was performed with 

1/140th, 1/35th and l/lOth scale model f u e l  tanks. 

l iqu id  hydrogen was a Freon-Stoddard solvent mixture and simulated 

gaseous hydrogen, d i s t i l l e d  water. The simulated gas bubbles w e r e  

formed by introducing water through or i f ices  located as near the 

peripheral jo in t  of the bulkhead as possible. A vent tube was 

inserted i n  the ullage f o r  venting simulated gaseous hydrogen. To 

simulate the observed immediate coalescence of hydrogen bubbles, 

the tests w e r e  conducted i n  an e l ec t r i c  f i e l d .  The correct f i e l d  

strength was determined by visually comparing l iquid coalescence t o  

observed gaseous hydrogen bubble coalescence. 

The simulated 

0 

Water droplets were injected a t  various flow ra tes  up t o  LO 

tank volumes per  hour i n t o  liquid-liquid models containing 30% 

"fuel" simulating venting during the parking orb i t .  The number of 

or i f ices  was varied i n  each model. Data was taken with 1, 2 and 4 

or i f ices  on the 1/140th model, 2, 4 and 8 or i f ices  on the 1/35th 

model and 2, 8 and 20 or i f ices  on the l/lOth model. 

venting ra tes  maintained during t e s t s  was between 0.1 and 10 model 

tank volumes per  hour. The expected Centaur l iquid hydrogen tank 

vent rate i s  approximately 0.8 tank volumes per hour of vapor. A 

detai led description of the liquid-liquid model t e s t ing  i s  contained i n  

Reference 9. 

The range of 
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A n  average curve of the data fo r  the three models i s  shown i n  

Figure 7. The ve r t i ca l  l i nes  i n  the curves represent the data 

variation obtained from the tests, which was l e s s  f o r  the la rger  

models than the s m a l l  model. 

model, *40$ f o r  the 1/35th model and *65% f o r  the small model. 

However, the slopes obtained from the l / l O t h  and 1/35th scale  model 

tests w e r e  i n  f a i r  agreement with each other. 

Figure 7 that the 1/35th scale model t es t  results w i l l  predict  a 

greater t i m e  period t o  a t t a i n  equilibrium f o r  any given vent ra te .  

Therefore,using these extrapolated 1/35th scale t e s t  resul ts  it was 

found t h a t  about 110 seconds of continuous venting a t  0.8 tank volumes 

per 

the Centaur during the parking orbi t .  This i s  equivalent t o  an ullage 

volume decrease of about 30 cubic f ee t .  

The sca t te r  ms about 230% f o r  the large 

It can be seen from 

hour w i l l  be required t o  a t t a i n  an equilibrium ullage volume i n  

0 

The sca t t e r  i n  the data could be due t o  the e r r o r  i n  visual ly  

determining when equilibrium had been established. 

t o  achieve uniform flow through t h e  o r i f i ce s ,  and consequently, those 

bubbles which originated f r o m  a high flow rate or i f ice ,  coalesced with 

the ullage before time equilibrium could be obtained. 

the time required f o r  bubbles t o  coalesce with the ullage, a t  a given 

t o t a l  vent rate, varied depending upon the number of or i f ices  i n  

operation during the tes t .  

equilibrium times between the performance of one s e t  of or i f ices  with 

another set i n  the same model s i z e ,  o r  with the same set of or i f ices  

It was d i f f i c u l t  

Furthemore, 

N o  relation was established regarding 

i n  a different  model s ize .  



The t e s t  parameters during the drop t e s t s  were l iquid f i l l  and 

vent rates.  A vent l i ne  with or i f ice  and solenoid valve was connected 

t o  a 1/140th Plexiglas model fuel tank. 

which was a t  i t s  saturation temperature p r i o r  t o  the venting sequence. 

A l l  boiling was in i t i a t ed  a t  the  peripheral  jo in t  geometry during the 

vent sequence. The l iquid f i l l  was varied between l5$ and 709 of 

tank volume, f o r  venting rates  between 1700 and 10,000 tank volmes 

per  hour. 

The t e s t  f l u id  was Freon 1 4  

The drop t e s t s  yielded some general resu l t s ,  which revealed 

important information with respect t o  the Centaur vent tube. 

lower f i l l  levels  an equilibrium ullage was always at ta ined.  

the high f i l l  levels  (40$ and greater)  

majority of cases of high vent ra te  

i n  about 50% of the cases of l o w  vent rate 

per  hour) t e s t s .  It should be noted tha t  the short  zero-g drop 

time and high model vent rates represent venting conditions more 

severe than a re  expected i n  Centaur. 

time available,  even the short period required f o r  bubble 

coalescence t o  occur was an appreciable portion of the t o t a l  drop 

time. Thus, coalescence did not occur immediately as had been 

predicted. The r e su l t  was that  the equilibrium ullage volumes, 

as observed from drop t e s t s ,  were smaller than predicted by the 

liquid-liquid model t e s t s .  

A t  the 

A t  

l iquid was vented i n  the 

(10,000 volumes per  hour) and 

(1800 and 4000 volumes 

Because of the limited drop 

The simplified ground and drop t e s t s  have demonstrated tha t  

the vent tube has excellent potent ia l  a s  a venting device f o r  Centaur. 

During the parking o rb i t  less than 350 cubic f e e t  of vapor w i l l  be 
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vented during the first coast period. The i n i t i a l  ullage volume i s  

870 cubic fee t ,  and therefore, t h e r e  w i l l  be no opportunity f o r  the 

l iquid t o  approach the vent tube even i f  vapor coalescence did not 

occur. The drop t e s t s  resul ts  showed tha t  during the second coast 

period the or ig ina l  ullage w i l l  experience only a s m a l l  reduction 

before coalescence with bubbles, created a t  the w a l l ,  prevent 

fur ther  volume reduction. 

l iquid t o  approach the vent tube in l e t .  

Again, there w i l l  be no opportunity f o r  

The center vent was fur ther  tes ted on an Aerobee shot i n  July 

1962. 

purpose of the test was t o  determine i f  vapor only will be vented 

f r o m  the sphere while i n  a zero-g environment and if the vapor 

bubbles w i l l  coalesce and form a single central  ullage following 

the vent cycle. Two venting cycles were accomplished during the 

f l i g h t  and w i l l  be compared t o  determine any differences i n  l iquid 

dis t r ibut ion.  

and should show how rapidly the vapor bubbles, generated when t h e  

container pressure was reduced below saturation during the f i r s t  

vent cycle, w i l l  coalesce and form a single vapor bubble. 

The tes t  resu l t s  a r e  not available a t  the present time. The 

Motion picture coverage of the t e s t  was obtained 
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SCHEMATIC DRAWING OF THE CENTAUR ZERO-G LIQUID/GAS 
SEPARATOR 

Vent t o  1 

Duplicate 
Counter 
Rotating 
Unit t o  
Cancel out 
To xque 
Produced. 

I 

Turbine Housing Pressure i s  
3 PSIA During Venting(100 Lbs/Hr) 
O P S I A  when Control Values a r e  
Closed. 'I' 

Vent t o  Free 
Space (UPSIA) 

Nominal Operating Speed of the Separator Disc is  
4000 RPM: This Speed Climbs t o  8850 RPM when 
Surrounded by 100 Percent Qual i ty  Vapor. 

t 

i Flow 

Flow 

FIGUEiE 6 
61 



Vent Rate (+)-!ELI& Volumes/hr. 

62 
FIGURE 7 



v. m T  TRANSFER !ES'IS 

The purpose of the heat t ransfer  t e s t s  was t o  obtain evidence of 

boi l ing l iquid hydrogen under heating conditions simulating those of an 

ac tua l  Centaur f l i g h t .  The degree of understanding of heat t ransfer  t o  

and from f lu ids  u n d e r z m g i s d i r e c t l y  related t o  the accuracy i n  the pre- 

dict ion of propellant boil-off and the extent of optimization which can be 

reached i n  the design of a number of Centaur hardware items. 

t r ans fe r  areas investigated were as follows: 

The heat 

A.  Liquid i n  Contact With the Centaur Fuel E~nk W a l l  (Wall Boiling 

Tests). 

B. Sudden Boiling When the Liquid Comes i n  Contact With a Warm 

Unwetted Surface (Warn Plate Impingement Test). 

C.  Liquid i n  Contact With the Peripheral Joint  of the Intermediate 

Bulkhead. 

A. Liquid i n  Contact With the Centaur Fuel %nk Walls 

The primary objective of the wall boil ing t e s t s  was t o  study the 

act ion of boil ing on the face of a heated surface under zero-g conditions, 

i.e.,  t o  study the formation of the vapor and the coalescence o r  

dispersion of the resul tant  bubbles and vapor. It was hoped that t h i s  

visual  study would show whether a s table  gas f i l m  might form over the 

Centaur cyl indrical  tank surfaces during coast periods f o r  a maximum 

expected heat input of 25 Btu/hr-ft2. 

d i rec t ly  related t o  the hea t  t ransfer  between the tank surfaces and 

the l iquid.  Secondary t e s t  objectives included the following: 

The propellant boil-off i s  



(1) Determination of the heat f l u x  versus temperature difference 

between heated surface and l iquid hydrogen i n  a zero-g 

environment. 

Determination of the threshold of the t rans i t ion  t o  f i l m  ( 2 )  

boiling. 

(3) Determination of the minimum temperature difference required t o  

i n i t i a t e  boiling i n  a zero-g environment. 

Pr ior  t o  zero-g t e s t ing  on the airplane,  laboratory t e s t s  were 

performed t o  develop the t e s t  hardware and t o  es tabl ish preliminary boil- 

ing heat t ransfer  data i n  both a one-g and zero-g environment. The t e s t  

assembly consisted of a glass dewar, a heater submerged i n  l iquid 

hydrogen and instrumentation. A steady state technique was used t o  

obtain the boiling heat t ransfer  data .  The problems connected with 

the measurement of very s m a l l  temperature changes within a few seconds 

a t  l iquid hydrogen temperatures led t o  the select ion of a lead metal 

f i lm deposited on an insulating substrate.  Temperature differences i n  

the order of .18O~ could be detected and recorded a t  l iqu id  hydrogen 

temperatures f o r  a resistance between 5 and 10 ohms. The heated 

specimen was submerged i n  l iquid hydrogen contained i n  a 4-li ter  glass 

dewar. 

known re s i s to r  (and, thus, the specimen current) ,  as  w e l l  a s  the 

The voltage across the specimen, the voltage drop across a 

voltage unbalance of the bridge were measured and recorded on a 

Sanborn and/or Midwestern recorder. The unbalance was due t o  the 

increase i n  specimen resistance which resulted from, and was used t o  
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measure, the temperature rise of the specimen. Additional instrumen- 

ta t ion  included f o r  the a i r c r a f t  t e s t s  was a high speed Miliken camera 

t o  obtain visual  evidence of boiling a t  the heated surface. Details 

of the experimental apparatus a re  contained i n  Reference 10. 

Test procedures f o r  the drop t e s t s  and a i r c r a f t  t e s t s  were similar. 

The l igh t s ,  camera and recorders were actuated p r io r  t o  release in to  the 

zero-g condition. The heated specimen was energized a t  release. To 

obtain sat isfactory resul ts  f r o m  the photographic study, the a i r c r a f t  

tests procedures had t o  be revised s l igh t ly  a f t e r  the i n i t i a l  f l i gh t s .  

Photographic observation of boil ing a t  t h e  heated surface was completely 

obscured by bubbles when the l iquid hydrogen was a t  saturation tempera- 

ture .  To suppress boiling so that good evidence of boi l ing could be 

obtained, the capsule vent was closed as the a i r c r a f t  t ra jec tory  

approached the zero-g condition. However, because the e f fec t  of 

pressure and subcooling of the l iquid on heat t ransfer  data was not 

well known, a l l  t e s t  conditions were performed a t  both an open and 

closed vent condition. 

0 

Under the t e s t  conditions outlined above, the lowest heat f l u x  a t  

which nucleate boiling was observed was 250 Btu/hr-ft2 f o r  a temperature 

rise of 2.3'F. It i s  f e l t  that it was not possible t o  observe boi l ing 

a t  lower heat fluxes, comparable t o  the Centaur maximum heat f l u x  of 

25 Btu/hr-ft, due t o  a combination of the surface character is t ics  of 

the t e s t  specimen and the limited useable zero-g available on board 

the a i r c r a f t .  It i s  known tha t  the character is t ics  of the heated 

2 
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surface play an important role i n  the boiling phenomenon. 

l e s s  superheating i s  required t o  i n i t i a t e  boiling on a rough surface with 

many effect ive nucleation points t h a n  on a smooth surface. 

specimen used throughout these t e s t s  had a f a i r l y  smooth surface. 

Therefore, it i s  concluded that boiling would have been observed a t  

lower heat fluxes with t h i s  specimen i f  a longer zero-g tes t  time had 

been available or i f  the lead surface had been a rough f i n i s h  with an 

increased number of effect ive nucleation points. 

boi l ing f o r  a range of heat fluxes between 250 Btu/hr-ft2 and 1000 Btu/hr-ft 

shawed tha t  the bubbles formed a t  the heated surface rapidly coalesced and, 

i n  every case, the surface tension forces were suf f ic ien t  t o  rewet the 

surface behind the bubble. A t  the higher heat fluxes, the a i r c r a f t  capsule 

geometry limited a detailed study o f  the bubble growth f o r  extended periods 

of zero-g. 

keep the ullage away from the heated surface during the zero-g condition. 

A preliminary analysis of the recorded data indicated tha t  the threshold 

of film boiling had been reached shortly a f t e r  release in to  a zero-g 

environment. 

that the bubbles generated a t  the heated surface coalesced,forming a 

l a rge r  bubble, u n t i l  the baffle located approximately 1-5/8 inches above 

t h e  specimen res t r ic ted  the bubble and forced it against  the t e s t  specimen. 

To help eliminate t h i s  condition so t h a t  boil ing a t  the higher heat fluxes 

could be observed f o r  longer periods of zero-g, the heater was inverted 

and the bottom baff le  removed which allowed approximately 4 inches f o r  

the bubble t o  grow below the t e s t  specimen. 

For example, 

The lead 

V i s u a l  observation of 

2 

0 

Baffles were located above and below the t e s t  specimen t o  

However, correlation of t h i s  data with the f i l m  data showed 

Results showed t h a t  the t e s t  0 
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specimen s tar ted t o  dry out f o r  heat fluxes i n  the range of 7000 

Btu/hr-ft2. 

determine whether or not the bubble was res t r ic ted  i n  any way. 

drop capsule did not necessitate the use of baff les  and recorded data 

of heat f lux  versus temperature r ise  indicated tha t  the t rans i t ion  t o  

film boiling occurred between 12,000 Btu/hr-ft2 and 18,000 Btulhr-ft2 

with a corresponding temperature r i s e  near 11°F. However, camera 

coverage was not available during these drop t e s t s  and therefore it 

i s  not known if the t rans i t ion  t o  f i l m  boiling occurred because of 

vapor bubble res t r ic t ion .  

Because of the camera position, it was not possible t o  

The 

The heat f l u x  as  a function of temperature r i s e  between the test  

specimen and l iquid hydrogen was determined f r o m  the resistance versus 

temperature relationships of the specimen. A best curve f i t  a t  one-g 

was s t a t i s t i c a l l y  obtained from nearly 100 points of heat f lux  versus 

temperature r i s e ,  Figure 8, and used as a reference f o r  comparison with 

zero-g data. 

25,000 Btu/hr-ft2 was considered. 

required t o  i n i t i a t e  boiling a t  a temperature rise of 2.7"F. A heat f l ux  

of 25,000 Btu/hr-ft2 was required t o  i n i t i a t e  the t rans i t ion  t o  film 

boiling a t  a temperature rise near ll.5"F. Data of heat f lux versus 

temperature r i s e  a t  zero-g a re  shown i n  Figure 9 and includes 

both drop test and a i r c r a f t  t e s t  data f o r  l iquid hydrogen a t  saturation 

temperature. 

were not included because, as mentioned previously, the e f fec t  of pressure 

and sub-cooling of the l iquid on heat t r ans fe r  data m s  not known. 

A range of heat fluxes between 25 Btu/hr-ft2 and 

A heat f l ux  of 250 Btu/hr-ft2 was 

The data obtained during t e s t s  with boiling suppressed 



A comparison of t h e  two curves of Figures 8 and 9, given i n  

Figure 10, shows tha t  f o r  the par t icular  heater or ientat ion used 

throughout these t e s t s  the zero-g and one-g boiling heat t ransfer  

data a re  approximately the same. A t  the present time no adequate 

explanation ex is t s  t o  f u l l y  explain t h i s  phenomenon. It appears 

t ha t  continual formation of vapor a t  the heated surface augments 

the convection process and provides the means f o r  a b e t t e r  than 

expected heat t ransfer  i n  zero-g. One possible explanation i s  that 

the heat t ransfer  i s  primarily a t t r ibuted t o  the process of nuclea- 

t ion  and microconvection i n  the heated boundary layer  close t o  the 

heated surface and t h a t  t h i s  process i s  only t o  a very small extent 

gravity dependent. Thus, the removal of bubbles plays only a 

secondary role. 

heat t ransfer  data i s  such that fur ther  investigation i s  needed t o  

f u l l y  explain t h i s  phenomenon. 

0 However, the state-of-the-art f o r  zero-g boi l ing 

Although it was considered beyond the scope of the program t o  

perform more extensive experimental t e s t s  t o  f u l l y  in te rpre t  the 

data and t o  study the influence of other variables, one additional 

laboratory investigation was performed which did help t o  supplement 

the data already obtained. 

minimum temperature difference (between a heated wall and l iqu id  

hydrogen a t  i t s  boiling point)  required t o  i n i t i a t e  boi l ing 

( i . e .  formation of bubbles) i n  zero-g. 

of an isolated c e l l  of l iquid hydrogen arranged so t h a t  the top p l a t e  

of the c e l l  could be heated and the formation of bubbles observed. 

A t e s t  was conducted t o  determine the 

The t e s t  equipment consisted 
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Heating the p la te  from the top eliminated convection currents and 

thus simulated a zero-g condition. The c e l l  was immersed i n  a 25 

l i t e r  dewar of l iqu id  hydrogen. 

i n  Reference 11. Three different  plates  were used with d i f fe ren t  

surface f inishes .  Boiling s ta r ted  f o r  a temperature difference less 

than 0 . 2 " F s t  on a re la t ive ly  rough surface, with several  nucleation 

points,  but a 6OF temperature difference was required f o r  a p l a t e  

with a very smooth f inish,  (1.25 micro inch RMS). 

test, it i s  f e l t  t ha t  the temperature of the Centaur tank walls w i l l  

not be appreciably above the liquid hydrogen boi l ing point.  The welds 

on the in te rna l  surfaces of the Centaur f u e l  tank w i l l  supply an almost 

i n f i n i t e  number of nucleation sources. 

Details of t h i s  t e s t  a r e  presented 

A s  a result of t h i s  

It i s  recognized tha t  the results of t h i s  phase of the program 0 
are limited and that considerable care should be used i n  extrapolating 

the resu l t s  t o  predict  Centaur heat t ransfer  phenomenon. However, it 

i s  f e l t  that cer ta in  broad conclusions can be safely dmwn f r o m  these 

t e s t s  and applied t o  Centaur, par t icular ly  when combined w i t h  the 

knowledge of the l iquid gas equilibrium configuration i n  Centaur 

during coast periods and the Aerobee t e s t  resu l t s .  During the 

parking o rb i t  and t ransfer  ell ipse,  large portions of the Centaur 

cylindrical  tank walls w i l l  be wetted with only a molecular layer  of 

l iquid hydrogen. This i s  par t icular ly  notable during the t r ans fe r  

e l l i p se  where the l iquid percentage of the t o t a l  tank volume i s  - a W t  lo$. 

For purposes of computing the heat input t o  the hydrogen tank, these 

sections of the tank surface can be considered dry surfaces. On those 0 



surfaces where the l iquid thickness i s  greater, it i s  expected that 

2 boi l ing most l ike ly  w i l l  occur f o r  a maximum heat input of 25 Btu/hr-ft. 

The f a c t  that boiling could not be observed a t  t h i s  heat f l u x  on board 

the a i r c r a f t  i s  f e l t  t o  be a l imitation of the t e s t  hardware and the 

limited available zero-g time. Because the thennoconductivity of 

l iquid hydrogen is  so low, the l iquid temperature adjacent t o  the 

cyl indrical  tank w a l l  should increase u n t i l  a suf f ic ien t  temperature 

difference i s  attained t o  create boiling. The welds on the in te rna l  

tank surface of the fue l  tank w i l l  supply an almost i n f i n i t e  number of 

effect ive nucleation sources and boiling should occur f o r  very l i t t l e  

superheating. 

a t  the heated surface w i l l  coalesce and the surface tension forces w i l l  

be suf f ic ien t  t o  rewet the surface behind the bubble. It cannot be 

predicted how long a period of time the wall will remain wetted under 

these conditions. Information on the t rans i t ion  from nucleate boiling 

t o  f i lm  boiling (wet wall t o  dry w a l l  i n  Centaur) can not be predicted 

from the data obtained during testing. 

unless the bubble was restr ic ted.  However, resu l t s  of Aerobee tes ts ,  

although not completely analyzed o r  understood a t  the present time,do 

indicate that 

s t a r t  t o  dry out. During the i n i t i a l  stages of the zero-g portion of 

the Aerobee f l igh t , the  walls were completely wetted with l iqu id  

hydrogen. 

After approximately 200 seconds of zero-g and f o r  a range of heat fluxes 

between 160 Btu/hr-ft2 and 270 Btu/hr-ft: drying began where the 

For an undetermined period of time, the bubbles formed 

0 

Film boiling was never observed 

after a def in i te  period of zero-g the surface w i l l  

However, the thickness of t h e  l iquid layer  was not uniform. 



thickness of the l iquid film was leas t .  

o r  dry wall condition may be dependent upon both the zero-g time 

available and the thickness of the l iquid layer. 

expected tha t  large sections of the Centaur tank walls w i l l  be dry during 

the parking o rb i t  and t ransfer  e l l ipse.  

en t i r e  cylindrical  tank walls w i l l  be dry a f t e r  the Centaur has been i n  

a zero-g environment f o r  an extended period of time. Data i s  not 

available a t  t h e  present time f o r  estimating t h i s  period of time. 

Thus,it appears that a wet 

In  summary, it is  

It i s  even possible that the 

B. Sudden Boiling When the Idquid Comes i n  Contact With a Warm Unwetted 

Surface. 

It was considered possible that  due t o  mechanical o r  thermal 

e f f ec t s  portions of the Centaur tank surfaces a& bulkhead would 

not be wetted by l iquid hydrogen during coast periods. 

of the s e t t l i n g  rockets, therefore, the l iqu id  hydrogen would come 

i n  contact w i t h  re la t ive ly  warm unwetted surfaces as the vehicle 

gains momentum. It was considered possible tha t  vapor formation 

would be violent ly  forcing l iquid away f r o m  these surfaces and adding 

t o  the s e t t l i n g  problem of l iquid hydrogen. Therefore, the test  

objectives f o r  t h i s  phase of the pmgram were: 

(1) 

Upon f i r i n g  

To determine the manner i n  which vapor i s  formed when l iquid 

hydrogen i s  brought i n to  contact with a warm surface under zero-g. 

To determine t h e  ra te  of heat t ransfer  from the warm surface t o  

the l iquid hydrogen under zero-g conditions. 

( 2 )  



A l l  t e s t s  were run i n  an equipment capsule which consisted 

basical ly  of a 4 l i t e r  Pyrex dewar containing the l iquid hydrogen 

"percolator" and heated specimens, a motion picture camera, timing 

and illuminating l i gh t s ,  and a tubular framework t o  support the 

foregoing. Elec t r ica l  power t o  the capsule was supplied by an 

external " t r a i l i ng  w i r e " .  

The l iquid htirogen was impinged against  the heated specimens 

A resistance by means of the percolator located inside the dewar. 

heating element, inside the reservoir of the percolator, was 

energized and a re la t ive ly  large hydrogen gas bubble formed. The 

expansion of t h i s  bubble forced l iquid hydrogen out of the 

reservoir, up a connecting tube and against  the p l a t e  specimen a t  

veloci t ies  of 1/2 t o  1 foot/second. The p a r t i c o r  p l a t e  specimen 

under t e s t  was physically located 1 inch above the percolator tube 

noma1 t o  the stream of impinging l iquid hydrogen. 

Two types of w a r m  p la te  specimens were used; s ta in less  s t e e l  

and copper. 

while heat t ransfer  coefficients w e r e  established with the copper 

p la te .  Details of the t e s t  assembly a r e  presented i n  Reference E. 

The temperature spectra of the p la tes  was so chosen t o  cover a l l  

probable values of the Centaur vehicle i n  f l i gh t .  P la te  tempera- 

ture  of 100, 200 and 300°R were selected f o r  l iqu id  surface 

veloci t ies  of 1/2 t o  1 foot/second. 

The s ta in less  specimen was used t o  study vapor behavior 

Analysis and reduction of f i l m  and recorder data showed 

conclusively that the impingement of l iquid hydrogen against  a 



c 

re lat ively warn s t e e l  surface, i n  the temperature range of 100"R 

t o  300°R, resul ts  i n  no appreciable rejection or repulsion of the 

l iquid.  Therefore, no additional complications t o  t h e  s e t t l i n g  

problem need be feared from the eventually of l iquid hydrogen 

impinging against warn unwetted Centaur surfaces. 

To calculate the f i l m  boiling heat . transfer,  the following 

assumptions were made : 

(1) Since the copper plate was guaded, the only temperature 

gradient present was noma1 t o  the exposed surface. 

Since the thermal conductivity of copper was high and the 

p l a t e  was thin,  the temperature gradient through the p l a t e  

was assumed negligible. 

(2) 

The rate of heat loss  per  unit anea (heat flux) is ,  

q =  MC P - dT 
A d t  

where : 

q = heat f l u x  

M = the mass of the plate 

Cp = the specif ic  heat of  copper 

A = the surface area 

dT the ra te  of change temperature wi th  time (Sanborn recording) dt= 

Two t ra jec tor ies  were flown Without the l iquid being impinged upnn the 

s ta in less  s t e e l  plate .  From t h i s  the heat f l ux  t o  hydrogen gas was 

obtained. These values were subtracted from the heat loss  f r o m  the 

back of the p l a t e  t o  the gas. The resu l t s  a r e  presented i n  Figure 11. 

73 



C. Liquid i n  Contact With the Peripheral Joint of the Intermediate Bulkhead 

As part of the proposed zero-g a i r c r a f t  t e s t  program, it was planned 

t o  determine the heat t ransfer  f r o m  the l iquid oxygen tank t o  the l iquid 

hydrogen tank through t h e  peripheral joint .  It was thought that 

knowledge of the heat t ransfer  i n  t h i s  area was important i n  order t o  

more accurately estimate the l iquid hydrogen boil-off and l iquid oxygen 

tank pressure f o r  a l l  phases of f l igh t .  Calculations showed that 

conduction through the many layers of s ta in less  s t e e l  skins i n  t h i s  

area amounted t o  approximately one-half of the t o t a l  bulkhead transfer, 

assuming t h e  surfaces w e r e  wetted-ith l iquid,  However, i f  gas formed 

i n  t h i s  area thus forcing l iquid hydrogen away from the peripheral  jo in t ,  

t h i s  would cause a decrease i n  the heat t r ans fe r  f r o m  the l iquid oxygen 

t o  the l iquid hydrogen tank. 

it was therefore f e l t  necessary to  be able t o  predict  the heat t ransfer  

conditions a t  the peripheral joint. 

0 
To insure an optimum design f o r  the vehicle, 

In i t i a l ly ,  it was planned t o  perform the peripheral  jo in t  heat t ransfer  

t e s t s  on the a i r c ra f t .  

and experience was gained, it became evident that it would be d i f f i c u l t  

i f  not impossible t o  accomplish the tes t  on the a i r c r a f t .  

majority of maneuvers, the l iquid was considerably disturbed p r io r  t o  

release in to  zem-g. Furthermore, the useable zero-g time available 

was not suff ic ient  t o  observe the behavior of boil ing i n  t h i s  region 

under equilibrium conditions. Because it appeared that the tests could 

not be accomplished on the a i rc raf t ,  a laboratory exploratory type t e s t  

However, as the a i r c r a f t  test  program progressed 

In the 
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was in i t i a t ed  i n  an e f f o r t  t o  gain some knowledge of the heat t ransfer  

i n  t h i s  area. The specific objective of t h i s  investigation w a s  t o  

determine i f  the vertex of the  Centaur peripheral jo in t  would remain 

wetted under zero-g conditions. ’Ib accomplish the objective an e f f o r t  

was made t o  simulate a condition more severe than might be expected i n  

a zero-g environment. 

The Centaur peripheral j o in t  i s  made of several thicknesses of 

s teel  welded together. The simulated jo in t  used during the  laboratory 

investigation was made of only two pieces, one f o r  each side,  but of the 

same t o t a l  thickness. One side was .04 inches and the other .O25 inches. 

The l iquid oxygen end of the simulated jo in t  was a .375-inch diameter 

tube through which a f l u i d  could be passed t o  vary the  tempemture. 

copper-constantan thermocouple was located a t  the vertex (Tg) of the 

jo in t  and another a t  t h e  tube (TA) t o  measure the temperature. 

or iginal  in ten t  was t o  seal t h e  ends of t h i s  simulated jo in t  with 

polyurethane f o a m  and submerge the jo in t  horizontally i n  the hydrogen 

with the upper leaf s l i gh t ly  above the l iquid surface. It was theorized 

that with the ends sealed the bubbles formed would have t o  move i n  a 

direction opposite t o  that of the l iquid moving i n  t o  replace it. 

Because the apex i s  above the l iquid leve l ,  the l iquid would be pulled 

i n t o  it  by the surface tension forces act ing against  gravity. It was 

reasoned t h a t  i f  the vertex stayed wetted under t h i s  condition, which 

i s  more severe than zero-g, then it would surely be wetted i n  the 

absence of gravity. 

jo in t  with polyurethane foam fai led.  The simulated jo in t  was then 

sealed i n  a welded s t e e l  box and the un i t  ins ta l led  i n  a pyrex dewar 

One 

0 
The 

However, three attempts t o  insulate  and seal the 

0 
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so that boiling i n  the jo in t  could be observed. The pressure inside the 

box was reduced t o  below one micron when surrounded with l iquid hydrogen 

due t o  the condensation and freezing of the a i r  a t  that temperature. With 

t h i s  tes t ing apparatus, t h e  ends of the jo in t  were not closed t o  prevent 

t h e  edgewise flow of hydrogen nor  was the upper surface of the jo in t  held 

above the l iquid surface. Therefore, the desired simulated condition 

more severe than zero-g was not obtained. 

with the  apparatus discussed above t o  measure the temperature of the vertex 

with the simulated jo in t  immersed i n  l iquid hydrogen. 

However, t e s t s  were conducted 

The heat f lux  through the peripheral joint  was predicted by 

assuming that the heat flowed from the oxygen side through the skins t o  

the vertex of the jo in t  and then dissipated t o  the hydrogen with each side 

act ing as a f in .  The heat transfer coefficient was taken from Reference 40. 

The coefficient was assumed constant over the f i n  a t  the value which would 

ex i s t  f o r  the temperature difference a t  the vertex. With increasing f lux,  

the temperature of the vertex would f i n a l l y  reach tha t  f o r  peak nucleate 

boilkng. 

film boiling existed from the vertex t o  a point where the f i n  temperature 

would have dropped t o  that of peak nucleate boiling. 

0 

A t  any flux higher than t h i s ,  it was assumed t h a t  a region of 

The measured temperature a t  the vertex (Tg) was higher than pre- 

dicted when the simulated jo in t  was immersed i n  l iquid hydrogen as shown 

i n  Figure 12. 

which should ex i s t  f o r  nucleate boiling, according t o  the data obtained 

by many investigators, the vertex appeared t o  be wetted by the hydrogen 

a l l  the time. 

lower than predicted due t o  the additional f i n  surface a t  the edges of 

the simulated joint .  Due t o  th i s  additional surface a t  the edges, no 

Even though the measured temperature was greater  than that 

It was expected that the temperature would be s l i gh t ly  

0 
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bubbles were formed i n  the vertex a t  the edge. The l iquid could therefore 

c i rculate  toward the vertex a t  the edge and then toward the center t o  

replace that which was vaporized there. 

l iquid and bubbles did not occur. 

more severe than zero-g was not obtained. It i s  f e l t  that the vertex 

indicated temperature was s l igh t ly  higher than predicted due t o  conduction 

down the thermocouple. The heat transfer through the jo in t  as a function 

of the oxygen side temperature was measured t o  be approximately 90% of 

the predicted ra te .  The heat transfer rate i s  less sensi t ive than the 

temperature dis t r ibut ion t o  s l i gh t  errors i n  temperature measurement. 

Although the visual  observations were i n  disagreement w i t h  the measured 

temperatures,it is  concluded that the temperature measurements were i n  

e r ro r  and tha t  the vertex was in  fact  wetted. 

The desired counter flow of 

Thus, the simulation of a condition 

0 
Because a condition more severe than what might be expected i n  

zero-g could not be simulated, these test  resu l t s  can not be used t o  

predict  peripheral jo in t  heat transfer i n  Centaur. The pressure limits 

of the l iquid oxygen tank were designed t o  assure vehicle operation 

under eithercondition; t ha t  is ,  a wet o r  dry jo in t .  Optimization of the 

l iqu id  oxygen tank pressure limits was not possible based on these 

t e s t s .  
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VI. LIQUID VAPOR-SENS OR !lXS 'IS 

A performance evaluation of liquid-vapor sensors i n  a zero-g environ- 

ment a t  l iquid hydrogen temperatures was performed as p a r t  of t h i s  test 

program. I n i t i a l l y  it was thought that the performance of currently 

available liquid-vapor sensors might be adversely affected by the lack of 

noma1 gravity and the very low temperatures. 

telemetered data could resu l t  from unsatisfactory performance of the l iquid- 

vapor sensors mounted i n  the Centaur fuel tank. 

A compromise of Centaur 

A detailed description of the experimental tests performed t o  evaluate 

several  liquid-vapor sensors i n  both a normal gravity and zero-g environment 

i s  contained i n  Reference 

vibratory and hot w i r e )  were selected f o r  tes t ing.  

were as follows: 

13. Four sensors of various types (capacitance, 

The test  objectives 
0 

(1) 

(29 

Determine the r e l i a b i l i t y  of the probes a t  l iquid hydrogen temperatures. 

Determine the time response of each probe in to  and out of the l iquid 

hydrogen. 

Determine i f  l iquid hydrogen tended t o  adhere permanently t o  the 

capacitance probe and i f  the vibratory and hot w i r e  probes tended 

t o  re jec t  the l iquid when cmpletely submerged during the zero- 

gravity condition. 

Determine i f  the sensors and t h e i r  support s t ructures  affected the 

l iquid dis t r ibut ion i n  a zero-g environment. 

Select  the instrumentation f o r  ins ta l la t ion  on the Centaur vehicle. 

(32 

(4.) 

(5 .) 

Early i n  the t e s t  program objective 4 was considered par t icu lar ly  

important because of the proposed method of i n s t a l l i ng  the liquid-vapor 
0 



sensors i n  the Centaur f u e l  tank. The sensors are mounted on a "Christmas 

Tree" l i k e  structure hanging wi th in  the tank. It was considered possible 

that the l iquid hydrogen might "creep" along the branches of the 

"Christmas Tree" and the probes and w e t  the sensing element, thus causing 

the probe t o  indicate l iquid when essent ia l ly  i n  a gas environment. 

The four  liquid-vapor sensors selected f o r  evaluation w e r e  a 

Minneapolis Honeywell capacitance probe, a Tmnsonics and Acoustica 

vibratory probe and a General Dynamics/Electronics hot w i r e  probe. 

capacitance and vibratory probes were cycled i n  l iquid hydrogen approxi- 

mately 100 times t o  deternine the i r  response time. 

indication of the probes performance i n  a zero-g environment, a l l  probes 

were dropped 18 feet i n  an instrumented box which yielded approximately 

1 second of zero-g time. The probes demonstrating the most sa t i s fac tory  

performance were then tes ted on the KC135 a i r c r a f t  where useable zero-g 

times up t o  15 seconds were obtained. An additional test  on an Aerobee 

shot was performed with the probe selected f o r  i n s t a l l a t ion  on Centaur. 

The 

To obtain a preliminary 

0 

A summary of the results of the one-g laboratory tests i s  contained 

i n  mble  V I .  Results of the preliminary laboratory zero-g t e s t s  eliminated 

the Minneapolis Honeywell and Transonics probes f r o m  consideration f o r  

i n s t a l l a t ion  on Centaur. 

the zero-g condition, such that during the zero-g period they would be i n  

a gas environment, they consistently indicated l iquid.  

f i lm resul ts  showed that the l iquid clung t o  or was trapped i n  the probes 

sensing element. The resu l t s  of drop t e s t s  with the Acoustica probe and 

General Dynamics/Electronics probe were inconclusive. 

If the probes were mounted i n  l iquid p r i o r  t o  

An analysis of the 

When the probes were 
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submerged i n  l iquid hydrogen p r io r  t o  the drop, such t h a t  during the zero-g 

condition they were i n  the ullage, a f i l m  analysis indicated tha t  both the 

probes sensing elements and support structures remained wetted by the f lu ids .  

However, unlike the Minneapolis Honeywell probe and the Transonics probe, 

t h i s  condition did not always cause the Acoustica probe and General 

Dynamics/Electronics probe t o  indicate l iquid when essent ia l ly  i n  a gas 

environment. The drop t e s t  times were too limited t o  determine i f  the 

response of the l a t t e r  two probes were dependent upon the amount of l iquid 

wetting the sensing element, o r  whether the sensing element would repel 

small quant i t i tes  of l iquid.  

The Acoustica and General Dynmics/Electronics probes w e r e  then tes ted 

on b o a d  the KC135 a i r c r a f t  where longer zero-g times could be obtained. 

tes t  resu l t s  showed tha t  the sensing element of the probes remained wetted 

with l iquid hydrogen i f  sloshed with the l iquid p r io r  t o  entering the 

zero-g condition. For the General Dynamics/Electronics probe, i f  the 

sensing element was more than l / 3  covered with l iquid hydrogen, the probe 

indicated l iquid when essent ia l ly  in a gas environment. 

the Acoustica probe, it was observed tha t  a globule of l iquid formed 

around the sensing element and that i n  a few instances t h i s  layer  of l iquid 

caused the probe t o  indicate liquid when essent ia l ly  i n  a gas environment. 

However, it was d i f f i c u l t  t o  determine the thickness of l iquid which would 

cause t h i s  probe to  read incorrectly because of the infrequent number of 

times t h i s  occurred. The best estimate of the l iquid thicknesses which 

would cause the probe t o  indicate l iquid when essent ia l ly  i n  a gas environ- 

ment was 1/4 inch. 

The 0 

In  the case of 

0 There was absolutely no indication t h a t  e i the r  probe 
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would repel even these small quantit ies of l iqu id  f o r  the zero-g times 

available during the tes t ing.  

It was not possible t o  investigate the l iquid creep phenomena i n  

e i t h e r  drop o r  a i r c r a f t  t e s t s .  

long enough f o r  the l iquid t o  reach a stablized configuration i n  the 4 

l i t e r  t e s t  dewar used throughout these t e s t s .  Although d i f f i cu l ty  was 

encountered i n  investigating t h i s  phenomena during these t e s t s ,  experimental 

and theoret ical  information obtained from l iqu id  behavior studies and 

l iquid-liquid models did show t h a t  the l i q u i d  f i l l e t  around a protrusion 

in to  the central  ullage would extend only a few diameters in to  the bubble, 

except f o r  an absorbed microscopic layer. Therefore it was concluded that 

l iqu id  creep would not be a problem. 

Useable zero-g times available were not 

e Although the results of zero-g t e s t s  on board the a i r c r a f t  indicated 

that the Acoustica probe might be less  effected by l iqu id  retained around 

the sensing element than the General Dynamics/Electronics probe, the l a t t e r  

probe was selected f o r  ins ta l la t ion  on the f irst  three Centaur vehicles. 

Weight and power requirements of the General Dynamics/Electronics probe 

were f a r  more compatible with missile requirements. A sketch of the 

General Dynamics/Electronics probe is  shown i n  Figure 13.  

To obtain an indication of the performance of the General Dynamics/ 

Electronics probe i n  a zero-g environment f o r  a longer period of time, two 

probes were mounted i n  the t e s t  sphere of an Aerobee m i s s i l e .  

3-l/2 minutes of zero-g were obtained during the f l i g h t  p r i o r  t o  an 

e l e c t r i c a l  malfunction of both probes. "he results were compatible with 

a i r c r a f t  t e s t  resu l t s  with t h i s  probe. 

Approximately 

The probe mounted i n  gas during 
0 
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one-g indicated l iquid approximately 2 seconds a f t e r  burnout due t o  l iquid 

being sloshed against  it. The probe mounted i n  l iquid p r i o r  t o  the zero-g 

condition indicated l iquid throughout the f l i gh t ,  thus substantiating a i r -  

c r a f t  t e s t  results that t h e  l iquid is  retained around the sensing element 

of the probe. 

The performance of the General Dynamics/Electronics probe i n  a zero-g 

environment i s  now well known and therefore data reduction of f l i g h t s  F-1, 

F-2, and F-3 should yield useful infomation. 
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TABIE V I  

SUMMARY OF THE LIQUID-VAPOR SENSOR 

LABORATORY TESTS 

Liquid-Vapor Sensor 

1. Minneapolis Honeywell 
capacitance probe. 

2. Transonic vibratory 
probe. 

3. Acoustica vibratory 
probe. 

4. General Dynamics/ 
Electronics hot w i r e  
probe. 

Response Time 
Into LJp Out of LH.2 Remarks 

160 msec.* 25 msec. When the l iquid moved p a r a l l e l  
t o  the f la tblade surfaces, 
the sensor indication was 
re l iab le  and consistent. When 
the f l u i d  moved perpendicular 
t o  the sensor p la tes  the sensor 
time response was e r r a t i c .  

a )  150 msec. 400 msec. a )  With the protective shield 
b) 100 msec. 300 msec. b) Without protective shield 

67 msec. 425 msec. A chilldown period of a t  l e a s t  
twenty minutes was required 
p r i o r  t o  t e s t ing  t h i s  probe. 

The probe was pulsed f o r  
30 m s e c  every 100 msec. a t  a 
constant pulsing current of 
600 M.A. 

%illiseconds 
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GENERAL DYPJAMICS/ELECTRONICS HOT WIRE 
LIQUID-VAPOR SENSOR 

Ceramic Coated 
Post 

.010" Diameter 
Platinum Loops 

.001" Dime ter  
Platinum Sensing 
Element Active 
Wire Length 
Approximately 1.55" 

. goo" 

* 375" 

c 
. l25" 
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